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1I. INTRODUCTION
Oak Ridge National Laboratory has been engaged in a comparitive study of six
Rankine cycle turboalternators utilizing either cesium vapor or potassium
vapor as a working fluid. As part of this study, MTI was to (1) examine the
feasibility of the six designs from the standpoints of turbine disk creep
and rotor dynamics criteria, and (2) determine whether application of these
criteria demonstrated that one of the working fluids led to machinery designs
that were clearly superior to those of the other.
Each of the six units was in one of two configurations: (1) a single shaft,
two-bearing machine, with the alternator mounted between bearings and the
turbine overhung, and (2) a two-shaft, four-bearing machine in which both
turbine and alternator were mounted between bearings on separate shaf`s which
were connected by a flexible coupling. Turbines consisted of multiple axial
stages of the impulse type.
Each of the rotors was given a case number in the ORNL study which was retained
in the creep and rotor dynamics studies. The cases were described as follows:
Case 1 - Cesium, four bearings, three stages, 18,000 rpm
Case 2 - Cesium, two bearings, two stages, 18,000 rpm
Case 3 - Cesium, two bearings, three stages, 18,000 rpm
Case 4 - Potassium, four bearings, five stages, 24,000 rpm
Case 5 - Potassium, four bearings, eight stages, 24,000 rpm
Case 6 - Potassium, two bearings, five stages, 24,000 rpm
Case 6 had three stages overhung on one end of the alternator with two stages
overhung on the other.
Since the studies had the objective of screening and comparing the designs,
creep analysis was limited to the first stage (hottest) disk of each turbine.
The remaining stages, which were cooler, presented a less severe creep problem.
The structural material for all turbine rotor components was the molybdenum
alloy known as TLM.
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II. SUMMARY OF RESULTS
A complete discussion of the detailed results of the creep and rotor dynamics
analyses is presented at the beginning of the sections dealing with those
topics within the report. Only the overall results are presented here.
The creep studies proved to be a more severe test of the rotor designs than
the rotor dynamics studies. It was shown that the cesium turbines were
acceptable in their present configurations. Creep growth in the first stage
at the end of 40,000 hours of operation was expected to be less than 3 mils.
The potassium turbines, on the other hand, were unacceptable at the design
temperatures proposed for them. Anticipated creep growth for Cases 4 and 6
at 40,000 hours was 89 mils, while fracture was predicted in less than
40,000 hours for Case 5.
!lie potassium turbines were at a disadvantage because (1) their higher
rotating speed (24,000 rpm, compared to 18,000 rpm for the cesium turbines)
produced high stresses, and (2) their turbine inlet temperatures were higher,
which caused more creep at a given stress. It was found that creep in the
potassium turbines could be reduced to the level of the cesium turbines by
lowering first stage turbine temperatures to about 1850 to 1900°F.
Bearings were designed for each of the rotors to provide realistic input for
the rotor dynamics studies. It was concluded that the self-acting (hydro-
dynamic), four-pad, tilting pad journal bearing, with preload, was most
suitable for these applications.
The rotor dynamics studies showed that all of the rotors except that of Case
6 were acceptable designs with a substantial safety margin. Case 6 was
found to have a third critical speed (first bending critical) only 2000 rpm
above design speed. Unbalance response calculations at design speed showed
that the Case 6 rotor was subject to large bending deflections at the over-
hung ends, even though there was sufficient damping in the bearings to limit
bearing orbits to tolerable levels.
rIIT.ANALYSIS
A. CREEP ANALYSIS OF FIRST STAGE DISKS
The purpose of this section is to report the ranking of the three cesium and three
potassium turbine designs according to their relative resistances to failure due
to creep deformation and creep fracture.
The ranking was done on the basis of creep in first stage disks and blades because,
in each instance, the first stage is subjected to the most damaging combination of
stress and temperature.
TABLE I
DEFINITION OF THE DESIGNS CONSIDERED IN THE ANALYSIS
Avg. Temp.
Case	 Fluid	 No. Stages No. Bearings	 (OF)
(1) Cs 3 4 1740
2 Cs 2 2 1740
3 Cs 3 2 1880
4 K 5 4 1990
5 K 8 4 2050
(6) K 3/2 2 1990
Because, in terms of first stage creep, Cases 1 and 6 are identical to Cases 3
and 4 respectively, only Cases 2, 3, 4, and 5 are referred to in the remainder
of this section.
This section is divided into four parts. They are:
1. Results
2. Selection of a Method for Comparing Designs
3. Experimental Data for Creep and Creep Fracture
4I?
4. Analysis of Cases 2, 3, 4, and 5
1. Results
Several possible methods of evaluating the creep behavior of turbine disks were
reviewed to determine which one would be most suitable for comparing designs in
the preliminary design phase. It was concluded that the comparison could most
suitably be done using initial elastic average tangential stress.
Test data for 10,000 hour uniaxial creep and creep fracture of TZM from a General
Electric report (Reference 8) and from ORNL (Reference 9) were next reviewed and
used to generate creep curves for 40,000 hours using the Larson Miller parameter.
The elastic and creep growths of the blades themselves are small compared to those
of the disks. For the six cases considered in the analysis, the growths of the
disks are as follows:
Disk Growth (mils)
Creep in
Case Type Elastic 40.000 hours
1 Cs .5 `3
2 Cs .7 <'4
3 Cs .5 ^3
4 K .9 89
5 K .6 Fracture
6 K .9 89
Because the disks are subjected to multiaxial tension, and the creep growths were
computed using uniaxial data, it is anticipated that the disk growth at fracture
would be less than implied by the above table due to loss of creep ductility.
Nevertheless, it is apparent that the potassium designs are much more subject to
creep failure (due to either growth or fracture) than the cesium designs. This is
principally a result of the higher speed and temperature of the potassium designs.
5In order to reduce the creep of the potassium designs to an acceptable level using
the same operating speeds as before, it would probably be necessary to reduce the
temperate:°es to about 1850 to 19000F.
=	 Because of the many approximations used in the analysis, and the limited amount of
directly applicable creep data, the preceding numerical results should be treated
as initial estimates only. They are, however, believed to be sufficiently accurate
for use in preliminary design. A more sophisticated analysis should and can be
performed later, after design modifications have been made on the basis of this
study and the companion study of rotor dynamics performance. It is recommended
that this final analysis be performed using a disk creep program which is based
on the work of Manson and his associates (References 3-5).
2. Selection of a Method for Comparing Designs
At the beginning of this project, a short study was made of available theoretical
methods which might be used to predict the creep behavior of turbine disks using
available creep data.
First, several publications of S.S. Manson (References 3-5), and A.M. Wahl (Refer-
ences 1, 2, and 7), both of whom have been prominent in devising theoretical
methods of creep analysis, were investigated. While these references are by no
means the only ones available, it is believed that the conclusions which can be
drawn from them are quite general.
For certain idealized problems, it has been possible to obtain closed form solu-
tions for stress and deformation, some of which can be worked out by hand. For
example, this is true for a uniformly thick disk provided (Wahl) that the
following assumptions are made:
a. Plane stress (a thin disk only)
b. Constant uniform temperature
c. Constant stress distribution
d. Constant disk dimensions (dimensions do not change due to creep)
6e. Zero elastic strains
f. Very simple creep law (either a power or exponential function of the
generalized stress)
g. Tresca generalized stress and associated flow rule
Solutions which require nutaerical integration have also been worked out using
Tresca-Miles and Mises-Miles criteria. But, while there has been much specula-
tion, it is not aL all clear that any particular one of these combinations would,
in general, yield a better comparison with test data than any other.
The analyses of Manson and his associates, while much more general (i.e. requiring
fewer assumptions) require a computer program. The possiblity of using an already
existing program was investigated by both M1I and ORNL engineers, with negative
results. Further, because of the preliminary nature of this study, it was conclu-
ded that it would be inarpropriate to develop a program as part of the current
contract.
A third alternative was to consider comparing designs on the basis of initial
elastic average tangential stress. This method is widely used in prelsninary
design of disks which are intended to remain mostly elastic, with some local
yielding usually at the bore. This method, while obviously an approximation,
seems reasonable for at least two basic reasons. First, the initial elastic
tangential stress distribution in each disk is reasonably uniform as indicated
in the table on the following page, and in Figure 1. On the average, the
maximum and minimum tangential stresses are only 28% larger, 36% smaller than
the initial average tangential stress o e . Second, as creep occurs, the maximum
and minimum stresses (which occur at the bore and rim, respectively) quite rapidly
approach o e , ;.eferences 1-7).
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TABLE II
SUMMARY OF CALCULATED ELASTIC TANGENTIAL STRESSES
ca	
°e max
	 a© min	 o8 max	 min
Case	 (	 (ksi)
	 I	 (ksi)	 I	 (ksi)	 I	 6	 e
7
2
I
10.9
3 9.1
4 14.2
5 12.7
13.5 6.9 1.24
	 .63
12.1 5.6 1.33	 ,	 62i
17.1 9.7
i
1.25
	 .68
16.4	 I 7.8 1.29
	 .61
Now, because of differences in average temperature and general stress range of
Cases 2 through 5, it is apparent that using ae as a basis for comparison, while
reasonable for any individual case, may be more approximate for one case than for a--
-,-her.
Thus if, as a result of using this comparison,.all cases appear to be of approx-
imately equal merit, very little could be concluded. On the other hand, if they
are of very different merit, the method can be assumed to be suitable for making
preliminary design comparisons. As indicated in Section 4, the method does yield
results which show a large difference between the cesium and the potassium designs.
Tc cornclude, it is believed that using initial average tangential stresses as a
basis for evaluating designs is compatible with the facts that the turbines are in
the preliminary design phase, and that creep data for TZM are somewhat limited
(see Section 3). The method is simple to use, and is suitable chiefly for compar-
ing designs rather than for computing absolute values of creep deformation and
life.
3. Experimental Data for Creep and Creep Fracture
The two prinicpal sources of creep data which were used are a General Electric
Company report (Reference 8) and original ORNL test data (Reference 9). Other
sources which were reviewed are cited as References 10 through 13.
The General Electric report (Reference 8) presents a summary of 10,000 hour
creep and creep fracture data for stress relieved T2M from several sources.
MTI has extrapolated these data to 40,000 hours using the Larson-Miller parameter and
results are shown in Figure 2. Also using the Larson-Miller parameter, the
10,000 hour data are extrapolated in Figure 3 for comparison with data points
from ORNL (Reference 9). It is seen that curves A and B (ORNL data for 100 and
1000 hours, respectively) do agree reasonably well with Reference 9 in the stress
range of concern in evaluating Cases 2 through 5, viz., about 10 to 15 (ksi).
Pertinent specifications from the ORNL data sheets are recorded in Table III for
future reference.
TABLE III
SUMMARY OF CREEP DATA FROM ORNL (REFERENCE 9)
Stress Rupture Time MCR Strain at
Test No. Temp.	 °F) ksi (hrs) 	 (in in-hr) Rupture-% Material
5012 2200 50 0.153 0.14300 62.5 Sheet Cold
Worked
5018 2200 40 7.05 0.00376 43.8 Rod Cold Worked
5128 2200 30 47.5 0.00044 21.8 it 	 "
5149 2400 20 16.1 0.0011 21.9 Rod Stress
Relieved
5156 2000 50 5.7 0.00442 59.4
11"
5166 2400 10 193.0 0.00045 81.25
5171 2200 20 244.8 0.00016 62.5 ''	 "
8
TABLE III (Cont'd)
Stress Rupture Time MCR Strain at
Test No. Temp.	 °F) ksi (hrs) in in-ar) Rupture-% Material
5186 2000 40 220.1 0.000091 59.4 Rod Stress
Relieved
5209 2400 27.5 3.0 0.01 68.7 Sheet Cold
Worked
5261 2200 14 403.4 0.000082 65.2 ifif
5319 2400 7 877.8 0.000080 93.8 Rod Stress
Relieved
5320 2000 35 812.3 0.000025 65.6 if"
5326 1800 60 17.6 0.0010 59.4 "
5327 2200 14 8is.9 0.000028 68.8
5344 1800 48 _5*.6 0.000076 68.75
4. Analysis of Cases 2, 3, 4, and 5
The analysis of the four turbine designs is divided into four parts. First, the
blade stresses and elastic elongations are evaluated. Second, using data from
Reference 14, the rim load is computed for each of the four first-stage disks,
Third, these rim loads plus other operating conditions and materials properties
are used to compute both the elastic tangential and radial stresses in the disks
and, finally, the resulting creep behavior.
a. Blade stresses and elongations
The stress at the root of a straight-sided non-tapered blade, which is a good approx-
imation of the blades for Cases 2, 3, 4, and 5, is calculated below.
F	 (1)6 = 1
9
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where	 F (Force) = WG
W (Standard Weight) - Yv
G (Normalized Acceleration) - B (Rw2)0
v (Volume) = AL
w (Rotational Speed) = V/R
and where y, A, L, and V are the weight density, cross sectional area, length,
and speed of the center of mass of the blade, respectively. R is the radius of
the center of mass. Making the substitutions:
2
a = (g ) R
0
where	 Q	 lb/f t2
y = lb/f t3
g 0	32.14 ft/sect
L = ft
V = ft/sec
R = ft
Converting units, the final equation is:
a = 0.373 
ILV
R
where
	
'v = lb/in3
L = in
R = in
V = ft%sec
The elongation of a blade is given by:
oLX
	
---
2E
where
	
E - Elastic modulus (psi)
o - Stress (psi)
x = Elongation (inches)
Using the Equations (3) and (4), the following results are obtained.
(2)
(3)
(4)
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In terms of blade stress, the most severe of these cases are Cases 4 (fifth stage)
and 5 (eighth stage) which are about 25% and 30% of the 0.2% offset yield strength
(at temperature) respectively. It will be shown that the elastic elongations of
the blades are small compared to creep growths of the disks.
b.Disk rim loads
Using the elastic root stresses from Table IV, the disk rim stresses are computed
by distributing the root forces uniformly over the rim. These values of rim
stress are used as input to MTI Program PNO065 (Elastic Stresses in Disks).
TABLE V
DISK RIM STRESS CALCULATION
Total Rim
Root Stress No. Root Area/ Root Area Rim Area Stress
Case (ksi) Blades Blade (in2 )	 (in2 ) (in2) (ksi)
2 2.3 153 .0107	 1.636 5.36 0.703
3 2.4 122 1.305 4.25 0.738
4 3.3 134 1.433 4.67 1.115
5 3.5 103 1.102 3.61 1.070
For the above table, the number of blades and blade root areas are taken from
Table 23 of Reference 14. The rim areas were calculated using the following
dimensions:
TABLE VI
DISK RIM AREA CALCULATION
Rotor Dia.
	
Rim Wid"h Rim Area
Case (in)	 in	 _ in2
2 6.83
	
0.25 5.36
3 5.42 4.25
4 5.95 4.67
5 4.60 3.61
r
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c.Disk elastic stress and growth calculations
The elastic stress distributions and rim growths are computed using MTI Program
PN0065. For future reference, the standard input and output sheets for this
program are included as Appendix B of this report. Exact dimensions of the disks
are tabulated on the input sheets. These dimensions are taken both from Figures
22, 24, 26, and 28, and from Table 22 of Reference 14. In addition, the following
data were used as input.
TABLE VII
DATA USED TO COMPUTE DISK ELASTIC STRESS AND GROWTHS
Speed Density 106 x Modulus	 Poisson Rim Load*
Case r m lb in (psi) 	 Ratio (psi)
2 18000 .369 33	 0.3 703
3 18000 I 30 738
4 24000 30 1115
`^
5 24000 W 30 1070
*From Table V
Plots of the calculated stresses are shown in Figures 1 and 4. Because the taper
for the hub of the Case 3 (Figure 24, Reference 14) disk is in the opposite
direction from the tapers for Cases 2, 4, and 5 (Figures 22, 26, 28; Reference 14),
an additional calculation was made to determine the effect. It can be seen from
Figure 5 that the effect of reversing the direction of the taper has only a minor
effect on either the stress distribution or magnitude.
In addition, several modifications were made in the profile of the Case 5 disk to
determine the sensitivity of the resulting stresses on such factors as axial
length of the hub, radial thickness of the blade plot form and hub, and radius of
the fillet between the thin-disk and hub sections. These modifications are shown
14
r
in Figure 6. It can be seen from Figure 7 that none of these modifications has
any appreciable effect on either stress magnitude or distribution.
A summary of the major results is given below.
TABLE VIII
SUMMARY OF RESULTS OF ELASTIC DISK CALCULATIONS
Radial Stress
Case
LGl16GLLL1G1. 06LC00=0	 1,A.91J
Avg.	 Max.	 Min.
V.
Max.
L%.LLII	 ULVWl.L1
(mils)
2 10.9 13.5 6.9 11.8 .E19
3 9.1 12.1 5.6 7.5 .48
3A 8.7 11.1 5.4 7.7 .46
4 14.2 17.7 9.7 16.2 .92
5 12.7 16.4 7.8 8.1 .57
5A `	 12.7 16.6 7.7 8.2 .56
5B 13.5 17.6 8.2 8.0 f	 .60
5C 12.1 15.6 7.5 8.2 .54
5D 12.7 15.9 7.8 8.1 .57
5E 12.0 15.6 7.4 6.0 .51
d. Creep calculations
For the purpose of comparing disk designs, the average tangential stresses which
are computed in the preceding section are plotted as circles along with the cal-
culated creep curves shown in Figure 2. It can be seen from this figure that
Cases 4 and 5 (the potassium designs) are much more likely to lead to excessive
creep growth and/or fracture than either of the cesium designs. The following
table indicates both the calculated percent creep for each case and the corres-
ponding amount of creep growth at the rim for 10,000 and 40,000 hours.
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TABLE IX
CALCULATED DISK RIM GROWTH DUE TO CREEP
Avg Tan Tan Strain Rim Growth*
Stress Temp M Radius (mils)
Case Type ksi °FZ 10000 hrs 40000 hrs in 10000 hrs 40000 hrs
2 Cs 10.9 1740 <<.l <<.1 3.5 << 3.5	 « 3.5
3 Cs 9.1 1880 <.1 <.1 2.7 <2.7	 '2.7
4 K 14.2 1990 .75 3.0 2.97 22.3	 89.1
5 K 12.7 2050 3.0 Fracture 2.3 69.0	 Fracture
*Rim Growth - Tangential Strain x Radius
Because the two potassium designs appear to be severely limited by creep, it is
of interest to determine the maximum operating temperatures which would be
required to keep the creep to an acceptably 'low level. Using the same average
tangential stresses as given in Table IX, the creep growths for Cases 4 and 5
are computed below for 40,000 hours and various temperatures, using data from
the creep curves in Figure 2.
TABLE X
CALCULATION OF RIM; GROWTH VS TEMPERATURE FOR CASES 4 AND 5
Avg Tan Strain Temp Radius Creep Growth
Case	 _	 %) ,*FZ in (mils)
4	 .5 1915 2.97 14.9
1.0 1950 I 29.7
3.0 1995 89.1
Fracture 2015 -
5	 .5 1935 2.3 11.5
1.0 1968 23.0
3.0 2010 69.0
Fracture 203' -
r
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While there are no exact specifications for the maximum permissible creep growth
of the disks at the present time, the values are probably in the range of 3 to b
mils. If this range is considered, it can be seen from Figure 8 that the maximum
operating temperature range for Cases 4 and 5 would be about 1850 to 1900°F.
These temperatures represent a very rough estimate because of the many approx-
imations used in the analysis but are probably sufficiently accurate for making
preliminary design decisions.
One final comment should be made. The creep data shown in Figure 2 are from
uniaxial tension tests, whereas the disks are subjected to a multiaxial tension.
It is generally believed that the effect of multiaxial tension is to reduce
creep ductility. Thus, disks such as those considered above would be expected
to creep less, prior to fracture, than indicated by the calculations in Tables
IX and X and Figure 8.
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B. ANALYSIS OF BEARINGS AND ROTOR-BEARING SYSTEM DYNAMICS
The successful development of high-speed, high-temperature rotating machinery
frequently depends as much on bearing and seal design and on proper integra-
tion of the system from a rotor-dynamics standpoint, as it does on optimum
design of its electrical or aerodynamic components. Frequently also, the
mechanical design of the machinery can be simplified and its reliability
improved by using the process fluid as the lubricant. This permits such
advantages as (a) reduction of thermal gradients along the rotor by operating
the bearings at system temperature, (b) elimination of complex oil seals, (c)
prevention of oil contamination of critical system components and, (d) elimin-
ation of the cumbersome and sometimes unreliable auxiliary lube oil system.
It must be recognized, however, when using process fluids such as liquid metals
as lubricants, that they have low viscosity and lack the boundary lubrication
property of conventional, hydrocarbon lube oils. This makes bearing selection
and rotor-bearing dynamics design particularly critical. The stability threshold
of the bearings must be well above the operating speed range and the bearing
stiffness and damping must be accurately computes; to permit analysis of the
dynamic response of the rotor-bearing system. Conservative sizing of the bear-
ings, to provide margin against off-design operating conditions, is generally
desirable to compensate in part against the absence of a boundary lubrication
safeguard.
Continuous maintenance of the thin film between the journal and pads in a fluid
film bearing requires careful investigation of the amplitudes of motion expected
in the bearing s .1— tem. The presence of unbalance may cause large motions as
the rotur. : !ises t'.-rough the system critical speeds. Suppression of these
motions is possible first through fine balancing, but mainly by effective action
of system damping, which is almost entirely provided by the bearings. Failure
to design the rotor-bearing system, so that excessive motions between the journal
and the bearing are prevented, will lead at best to annoying vibratory problems,
and at worst to failure of the machine.
e
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The main objective of a rotor response analysis is the prediction of synchronous
vibration amplitude at the design speed, where the rotor is intended to operate
for long life. Other objectives include more precise location of the system
critical speeds and determination of maximum expected amplitudes of vibration
as the rotor passes through these speeds.
The bearirg designs and the rotor-bearing dynamics analyses conducted here were
based on the above considerations.
The study 'was conducted in several steps as follows:
1. ORNL drawings of the six basic rotors were modified to include concept-
ual designs of bearing and seal configurations. These were drawn in
the form of modules which were applicable to all rotors of a cev'ain
type such as the turbLTIC section of the four--bearing machines.
2. The bearing type was selected.
3. Bearings were sized for each rotor then analyzed in detail to obtain
stiffness, damping and power loss as functions of speed.
4. The undamped critical speeds of each rotor were computed for a wide
range of bearing stiffness.
5. The unbalance vibration amplitude of each rotor was calculated for a
range of speeds which included the undamped criticals below design speed
and the design speed.
In the remainder of this section, a summary of results is presented, followed
by separate discussions of each of the steps given above.
1. Results
It was concluded that the best bearing ty pe for the application considered
here was the self-acting (hydrodynamic), tilting pad bearing with four pre-
loaded pads. It is stable, self-aligning, and has high stiffness and damping.
E
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Potassium and cesium in liquid form were assumed to be the lubricants. High
Reynolds numbers were encountered in all of the bearings indicating that the
lubricant film was turbulent.
Two basic journal bearing sizes were found to be sufficient to handle all six
cases. The two-bearing turboalternators, Cases 2, 3, and 6, which had the
heaviest rotors, required a three-inch diameter bearing. The lighter rotors
of the four-bearing machines required only a two-inch bearing.
Bearing modules were designed for use in the rotor dynamics studies. These
showed a conceptual journal-thrust bearing unit with representative seals and
a reduced-thickness section to accommodate thermal gradients between the
journal bearing and the nearest turbine disk.
Evaluation of the rotor dynamics of the six turbines showed that only one,
Case 6 (the double overhung potassium machine), is a marginal design. Unbalance
respcnse calculations are summarized in Figures 21 through 28. These present
the amplitude of rotor motion within the bearings at speeds up to design speed.
Unbalance is assumed in two planes in each rotor, and vibration amplitude is
calculated with the unbalances both in-phase and out-of-phase. Rotor amplitudes
are negligible in all but Case 6 at speeds to 18,000 rpm for the cesium machines
and to 24,000 rpm for the potassium turbines.
2. Design of Bearing Modules
In order to insure that meaningful results were obtained from the rotor
dynamics studies, it was necessary to lay out representative bearing, seal,
and thermal gradient sections for the rotors. Completion of a conceptual
design of these units assured that each rotor contained sufficient overall
length and a stiffness distribution that was a realistic but conservative
representation of the final design. In all critical areas of the: rotor where
increased weight or decreased stiffness were potentially detrimental to rotor
dynamics, conservatively large or soft members were used so that final design
refinements would tend to improve rather than diminish the rotor performance.
4MNE+i^.q^Ey^^^4
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Instead of designing a bearing and seal section for each individual rotor,
it was decided that five bearing-seal modules could be drawn. The rotor
dynamics model of each rotor simply used an appropriate module at each end.
The modules are shown in Figures 9 and 10 applied to the two three-stage
cesium machines, Cases 3 and 1 respectively. Figure 9 shows the journal and
thrust bearing assembly for the turbine end of a two -bearing turboalternator.
The dynamic model of the other end of the rotor used only the journal bearing
portion of the module. The thrust bearing shown is a conservatively large
one for aerodynamic loads. It is anticipated that unbalanced turbine thrust
will be small. However, electrical loads may be appreciable so a substantial
bearing was shown to provide for them. It has a capacity of the order of
1,000 pounds.
A thin shell section is shown between the bearing and the nearest turbine disk.
This is one method that has been used to accommodate the thermal gradient of
several hundred degrees between the turbine disk and the 1,000°F bearing
cavity. A thin shell helps establish the gradient by restricting heat flow
into the bearing. It also allows thermal stresses caused by the gradient to
be held to elastic levels thereby avoiding failure from thermal fatigue or
instability.
Figure 10 shows similar modules for four-bearing machines. Again, a thin-shell
member is provided between the bearings and adjacent turbine dis::,;^. Thrust
bearings for both turbine and alternator rotors are placed close to the coup-
ling to minimize exial deflection in the coupling. The coupling shown is a
thin diaphragm flexure type. It requires no lubrication which greatly simplifies
the design of the coupling area.
The alternator bearing modules of Figure 10 were used in rotor dynamics studies
of both the cesium alternator of Case 1, and the potassium alternator of Cases
4 and 5. The turbine bearing modules were used for the turbi.nes of Cases 1,
4, and 5.
3. Bearing Analysis
a. Selection of bearing type
The two basic types of fluid film bearinge are:
(a) the externally pressurized (hydrostatic) bearing, where the load
capacity is generated principally by introducing high pressure
lubricant into several pockets or recesses in the bearing, through
orifices or other restrictors. The load capacity of this type of
bearing is, therefore, principally dependent on the available
pressure difference between the high pressure lubricant sour(..
the ambient pressure.
(b) the self--acting (hydrodynamic) bearing where pressures are sel-
generated in the fluid film between the rotor and stator by shear
of the thin, viscous, lubricant film. These self-generated
pressures serve to separate the rotor and stator elements. The load
capacity of this type of bearing is, therefore, principally a function
of the speed and lubricant viscosity. The lubricant supply to the
bearing need not be pressurized, except to the extent required to
overcome the losses in circulating the flow to lubricate and cool
the bearings.
Calculation of the load capacity, as well as fluid film stiffness and damping,
for all the rotors in the present study showed that the self-generated bearing
pressures would be entirely adequate so that the journal bearings could, in
all cases, be of the self-acting type. Accordingly, self-acting journal bear-
ings were selected for the rotors.
Self-acting bearings for turbomachines have to satisfy the following criteria:
1. They must be inherently stable under all conditions of operation.
2. High load capacity, fluid film stiffness, and fluid film damping are
desirable for operation on a thick lubricant film, with a margin for
2i
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off design conditions, and for low vibration amplitudes under dynamic
loads.
3. Self-alignment provisions are desirable to tolerate thermally or
otherwise induced misalignment.. These are needed also so that when
the dynamic rotor orbits are of a conical mode, the film thickness
will remain essentially constant along the bearing length.
4. Low power loss is desirable so as to minimize parasitic losses.
In view of these requirements, the tilting pad bearing w}-.ich, properly designed,
is inherently stable and self-aligning, is the principal bearing choice. The
tilting pad bearing also has somewhat higher fluid film stiffness and damping
than other self-acting bearing types.
Furthermore, tilting pad bearings have been successfully operated in liquid
alkali metals, so that there exists a body of laboratory and field experience
with these bearings that generally substantiates their calculated performance.
NaK lubricated bearings are, for example, used in the NaK PMA pump of SNAP 8.
Potassium lubricated Lilting pad bearings have been tested to provide technology
information under SNAP 50/SPUR. During the past several months, MTI has been
conducting an AEC sponsored liquid metal bearings technology program in which
a 50 lb. rotor supported on a 2 inch diameter, NaK lubricated tilting pad
bearings was operated over a speed range from 0 to 26,000 rpm. The steady
lead on the bearings was continuously varied from 0 to 80 psi, both with a
balanced rotor and with 0.4 oz-in of unbalance. Operation was entirely stable
and the film thickness and dynamic orbit measurements that were made showed
generally close agreement with the theoretically predicted performance.
For concentric journal operation, as in zero-gravity fields, four-pad bearings
prove to be superior to both five and six-pad bearings from the standpoints of
load capacity, fluid film. stiffness, and damping. The four-pad bearings also
have fewer elements than the five and six-pad bearings, which permits easier
and more accurate assembly. The four-pad bearing can also be designed to have
nearly uniform stiffness and damping characte.istics all around the bearing,
which is advantageous when comparisons are to be made between experimental and
`'^'
theoretical results. This is because the uniform dynamic quantities result in
circular synchronous orbits.
b. Bearing design criteria
The design criteria listed below were adhered to in designing and sizing the
tilting pad bearings for all the rotor combinations. These cri.i , !-ia are
generally conservative and follow good design practice for liquid metal
lubricated machi"3 ry over the size and speed ranges of the rotors considered.
(a) Maximum, steady-state eccentricity ratio :S 0.5
The effective bearing eccentricity ratio should not exceed 0.5. This
provides adequate margin for dynamic loads and fc-r off-design condi-
tions.
(b) Maximum unit load at start-up z 50 psi
The bearings must be able to tolerate metal-to-metal, or boundary
lubrication conditions at start-up and shut-down. An upper limit
to the allowable unit pressures on the bearing pads at start-up as a
function of materials combinations has not yet been established for
liquid metal lubricated bearings. This is an important area of
liquid metal bearings technology requiring attention in the near
future. For the present study, a unit load of the order of 50 psi
on the bearing (i.e. 50 cos45 - 35 psi, based on projected area on
each of the two pads under the shaft) was specified. This is a
conservative value based on experience with low viscosity lubricants.
(c) Bearing preload and clearance ratio
Preloading* of the bearing is necessary to insure stability and to
prevent pad flutter even when the bearing is very lightly loaded.
Tilting-pad bearings can be preloaded by moving the pads in on each other at
assembly, so that their centers of curvature form a small circle around the
bearing center. In this way, all the individual bearing pads are positively
loaded, when the shaft is rotating, even when the net bearing load is zero.
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Accordingly, bearing preloading was specified in this study, and a
preload coefficient of 0.3 was used. A clearance ratio of 0.0015
inch per inch was selected.
(d) Bearing dynamic characteristics
The bearing dynamic characteristics (i.e. fluid film stiffness and
damping) should be compatible with the stiffness characteristics of
the rotor. The principal requirements that must be met are that (a)
there are no flexural resonances at or near design speed and (b)
the fluid film damping (which is generally the only significant
damping in the system) is sufficient so that th Q amplitudes of rotor
vibration are small, when the critical speed regians are traversed.
In addition, the bearing support flexibilities should be selected so
as to make maximum utilization of the fluid film damping.
c. Sample bearing calculation
The procedure followed in the design of each bearing is illustrated by the
following calculation which represents bearing 11 from Case 1.
Required are stiffness and damping curves vs speed for four-pad, pivoted-pad
bearings operating in potassium and cesium. Also required are bearing horse-
power losses at design speeds.
Assume load midway between pivots, L/D = 0.75, D = 2.0, L = 1.5. Assume a
Reynolds number:
Re - 10,000
Determine viscosity and density for lubricant: (cesium at 1,000 °F)
N W 2.65 x 10
-g
 lb-sec/in2
p - .0565 lb/in3
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v	
p& = 2.65 x 10	 (3.86 x 10 2 ) = 1.81 x 10-4
P
	 5.65 x 10-2
Assume clearance and preload:
C B/R - .0015 in/in
m = 0.3
Calculate pad clearance:
Cp/R	 (CB/R)/(1-m) = .00214 in/in
C = CB/R	 D - .0015 (2;0) - ,00214 in.
p	 (1-m)	 2	 0.7	 2
Compute speed:
nDNC
Re
v
_ 10 ,000 1.81 x 10-4
 )N	
7T (2.0) (.00214)	 135.2 rps
n = 8120 rpm
Calculate normalized bearing load W:
W =	
w ( C 2 =	 5.	 14 x 103)2
uNLD R
	 (2,65 x 10-8 )(1.352 x 10 )(1.5)(2.0)
_ 5.1 4.58)= 2.17
10.77 
Enter proper tables* with W (normalized load). Interpolate to find design
coefficients.
Eeff = •0502
*
Proprietary MTI tables developed from data obtained from MTI computer program
L-3, "Dimensionless Coefficients for Tilting-Pad Bearings".
K = Norm. stiff. (x)	 34.38
Note: Kx = K 	 Bx = By
B	 Norm. Damp. (x)	 1.639
T = Norm.Friction Coeff. = 158.5
Calculate actual stiffness and damping:
K	 = 2pNL
	 K = 2(2._65 x 10-8 )(1.352 - x  102 1.5J- (34.38)
x	 (C /R) 3 x	 (2.14 x 10-3)3
P
-6
10.77 , x 10-
0 9 (34.38) = 1.1 x 10 3 (34.38) = 37.8 x 103
9.8 x 10
37,800 lb/in
WE 	 = KxBx = 37,800(1.639)
wB = 61,800 lb/in
Calculate horsepower loss:
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HP = 2 7T
T6600
where T ;c friction torque ir. lb-in,
HP = 27N 4NLD3 T = 2 1 35.2)
6600(4Cp )	 6600
= (.1287) (0.502 x '_0-2)
.S
and^4CD T.
P
L2`65x10-8 _ C1.35?x102^(15)0^^ 158.5
4(2.14 x 10- )
(1.585 x 102)
HP = .1024
Stiffness coefficients obtained in this way for the bearings of each rotor
are plotted on the critical speed maps, Figures 13 through 20, as a function
of speed. Damping coefficients are plotted for the potassium bearings in
Figure 11 and for the cesium bearings in Figure 12. It should be noted that
it is the product of rotational speed (w, rad /ser.) and damping (B, lb-sec/in)
27
that is shown in the Figures. In addition, a summary of bearing data used in
the rotor unbalance response analyses is listed in Table XI. The power in
each bearing at design speed is listed in Table XII.
4. Calculation of UndamRid Critical Speeds
The dynamic evaluation of a rotor begins with the calculation of its first
three undamped critical speeds over a range of bearing stiffness. For
convenience, bearing stiffness is assumed to be the same for both bearings.
The critical speeds are then plotted against bearing stiffness to obtain
what is termed a critical speed map. The map serves as a first screening
tool for machinery of tr's type because it shows whether the rotor meets
basic rotor dynamics criteria. These are that the first and second critical
speeds be essentially rigid body modes, and that the third critical be the
first one in which the rotor undergoes appreciable bending. Further. the
third critical should occur well above design speed, and the first two should
be either above or below but not coincident with design speed.
The second purpose of the critical speed map is to determine the speed ranges
in which to explore the response of the damped rotor to unbalance.
The dimensions of the rotor models used are listed in Appendix B. They were
obtained from ORNL-supplied drawings (Reference 14) of each of the six rotor
types with appropriate bearing modules from Figures 9 and 10. The actual
analysis of each design was performed using an MTI-developed computer program,
PNO315, and digital computer. In the listing shown in Appendix B, rotor stations
are numbered from left to right. Rotor properties listed at a given station
are uniform between that station and the next one to the right. A few comments
should be made regarding the rotor properties used.
1. Turbine disks were represented as cylindrical disks with a uniform
thickness equal to the blade platform width ar an outer diameter
equal to the diameter of the blade mid-length. This assumed 500
biade density, which is conservative and also produced a conservative
(high) estimate of disk weight.
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TABLE XII
HORSEPOWER LOSS 1N BEARINGS AT DESIGN SPEED
Design Speed
Case (rpm) Bearing No. Hp Loss
1 1$000 11 1.0
12 1.0
2 18,000 21 4.0
22 4.0
3 18000 31 4.0
32 4.0
4 24000 41 1.1
42 1.1
5 24,000 51 1.1
52 1.1
6 24POO 61 6.3
62 6.'
7 24000 71 1.1
72 1.1
8 18,000 81 1.0
82 1.0
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2. The elastic modulus of TZM at an average temperature of 1400°F was
used throughout the turbine rotors. The modulus used for the
alternators, 22 x 10 6psi, was obtained from Westinghouse data for
alloy 1BS1, a representative high temperature alternator material.
3. For the overhung rotors, the elastic modulus and density used through-
out were those of the alternator material rather than TZM. Since
the alternator comprised nearly 90% of the total rotor weight, this
gave a more accurate rotor weight estimate. A check of Case 3 using
TZM properties throughout showed very little difference in critical
speeds, with the alternator material properties giving a slightly
more conservative result.
4. The coupling of the four-bearing machines was presumed to have negli-
gible angular stiffness. Consequently, it could have little effect
on the lateral critical speeds and the rotors were treated as decoupled,
twc-bearing units. As a result, eight critical speed and eight
unbalance response cases were analyzed, The last two cases of each
category in order were the potassium alternator and cesium alternator.
A critical speed map of each rotor mounted on undamped bearings of identical
stiffness was prepared. The bearing stiffnesses were then calculated. The
curves of bearing stiffness versus speed were then plotted on the critical
speed maps, Figures 13 through 20. Each intersection of a critical speed
and bearing stiffness curve represented an exact or approximate critical of
the rotor according to whether the berings were identical or different
respectively in stiffness.
The behavior of the stiffness curves was such in Cases 1, 2, and 3 (Figures
13, 14, and 15) that only one critical speed was encountered below design speed.
In these Cases, the third critical was at least 30,000 rpm, well above the
18,000 rpm design speed. Cases 4 and 5 encountered two criticals below design
speed but the third critical fell above 40,000 rpm, well removed from the
24,000 rpm design speed.
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Case 6, the double-overhung potassium turbine appeared to be very marginal.
Figure 18 shows that the third critical is only 1500 to 2000 rpm above design
speed. The weakness of this design was confirmed in the unbalance response
analysis discussed in the next section.
5. Unbalance Response of Damped Rotor-Bearin&_Systems
The response of each of the rotor-bearing systems to unbalance was evaluated
over a broad speed range. Results are shown in Figures 21 through 28, in terms
of amplitude at the bearings. In addition, the mode shape of each rotor at
design speed for the most severe unbalance configuration is presented in
Appendix B.
Rotor dimensions and properties were the same as those used in the critical
speed analysis. Calculations were performed with aid of a digital computer
using MTI program PNO319, which has the same input format as the critical
speed program.
In making the rotor response calculations, the bearing properties were assumed
to be constant over a range of speed within which a critical speed was
anticipated. The next higher speed range required new stiffness and damping
values. Because bearing properties vary continuously with speed, this resulted
in discontinuities between curves at the boundaries of adjacent speed ranges.
One can estimate the general trend by remembering that bearing properties
are calculated for the speed at the center of each speed range. Hence, the
true response curve would be determined by connecting the midpoints of curves
of adjacent speed ranges. For example, the trend for bearing 11 or bearing 12
of Figure 21 has a more gentle slope than either of the speed range curves
indicates.
For analysis purposes, unbalance was placed in two rotor planes selected to
cause maximum distress to the rotor--bearing system. The -)lanes selected
for the turbines of the four-bearing machines, Cases 1, 4, and 5, were the
turbine disks at either end closest to the bearings. This configuration
**!	 ! -JF
Y,
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caused a maximum couple from unbalance forces when the unbalances were 180°
out--of-phase. It thus had the greatest effect when the rotor was passing
through a conical mode critical speed. In the two-bearing turboalternators
of Cases 2 and 3, unbalance was placed in the overhung disk farthest from the
bearing and in the end plane of the alternator closest to the other tearing.
Case 6 unbalance was placed in the disk farthest from the bearing on either
end. The alternators of Cases 1, 4, and 5 were subjected to unbalance in
the coupling at one end and in the alternator end plane at the other end.
In all cases except the turbine of Case 1, analyses were conducted with the
unbalances on the same side (in-phase) and opposite sides (out-of-phase) of
the rotor. In Case 1, only in-phase unbalance was run because the only critical
speed encountered was the first one which was predominantl y a transverse mode.
11° amount of u,.ibalance used in the calculations was set at a level which the
.c'-ual rotors might reasonably expect to encounter. It was based on the U. S.
:Ivy balancing specification for rotating machinery, which requires that
unbalance in inch-ounces be limited to 4N, where W is the rotor weight in
pounds, and N_ is the speed in rpm. The actual total unbalance used was one-
half the Navy value since the Navy specification is applied to a wide range
of Lnuch less sophisticated machinery than the machines discussed here. The
unbalance applied in each of the two unbalance planes was one-half the total
value or N. This number was found to be about 0.01 in-oz for the heavv rotors,
and 0.001 in-oz for the light ones.
The unbalance response results show that, with the exception of Case 6, rotor
amplitudes are very small throughout the operating speed range. Turbine
amplitudes at the bearings are less than 0.02 mils and alternator motions are
less than 0.055 mils at operating speeds. Case 6, however, reaches an ampli-
tude of 0.075 mils at operating speed. At the same time, the mode shape
(see Appendix B) shows that the overhung disks are orbiting with amplitudes
of 0.5 to 0.8 mils, much greater than the other units. Although such amplitudes
are still not unduly large, considerable bending is occurring in the rotor.
Also, amplitude is rising very rapidly with increasing speed. It is apparent
that the Case 6 rotor has very little design margin in its present form, both
in absolute terms and by comparison with the other designs. The remaining
rotors all appear to be acceptable designs from the standpoint of rotor
dynamics.
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APPENDIX A
INPUT AND OUTPUT DATA FROM
MTI ELASTIC DISK COMPUTER PROGRAM (PN0065)
e+ti y.^rs.^i
`")JECT NAME-CASE
-001 9 CHARGE NUMBER-RD615
NGINEER-THORKILDSEN
	 , DATE 9-08-67
NPUT TO CALCULATION.
HEEL HAS CENTRAL HOLE.
HEEL SPEED	 RPM	 18000.
LADE LOADING	 PSI	 703.
TA. RADIUS THICKNESS DENSITY PUISSUN YOUNGS
NO. RATIO MODULUS
MEGA-
IN IN LB/CUIN IN/IN PSI
- 1 :-000 2.000 0.369 0.300 33.0
2 1.200 1.770 0.369 0.300 33.0
3 1.400 1.570 0.369 0.300 33.0
4 1.600 0.350 0.369 0.300 33.0
5 1.800 0.250 0.369 0.300 33.0
6 2.000 0.230 0.369 0.300 33.0
-7 2.200 0.210 0.369 0.300 33.-0
8 2.400 0.190 0.369 0.300 33.0
9 2.600 0.170 0.369 0.300 33.0
2.800 0.150 0.369 0.300 33.0
11 3.000 0.250 0.369 0.300 33.0
12 3.200 0.250 0.369 0.300 33.0
1-3 3.400 0.250 0.369 0.300 33.0
A-1
TA. CUFF OF DELTA
N0. EXPAN T
MICRO-
IN/IN/DEG DEG	 F
1 n.0 0.
2 0.0 0.
3 0.0 0.
4 0.0 0.
5 0.0 0.
6 0.0 0.
7 0.0 0.
8 0.0 0.
9 n.0 0.
10 0.0 0.
11 0.0 0.
12 0.0 0.
0.0 0.
BLADE BLADE NO.	 OF
THICKNESS WIDTH BLADES
IN IN
0.000 0.000 0.
0.000 0.000 0.
0.000 0..000 0.
0.000 0.000 0.
0.000 0.000 0.
0.000 0.000 0.
0.000 0.000 0.
0.000 0.000 0.
0.000 0.000 0.
0.000 0.000 0.
0.000 0.000 0.
0.000 0.000 0.
0.000 0.000 0.
MTI-4847
.JECT NAMF-CASE 2-1
UN-001, CHARGE N0MRER-kD615
NGINEER-THORKILDSEN	 , UATE 9-08-67
UTPUT FROM CALCULATIHN.
TA, RADIUS RADIAL TANGENTIAL RADIAL
NO. STRESS STRESS GROWTH
IN PSI PSI IN
1 1.000 0. 13490. 0.00040
2 1.200 1471. 11131. 0.00038
3 1.400 2134. 9591. 0.00037
4 1.600 9340. 10931. 0.00039
5 1.800 11830. 11568. 0.00043
6 2.000 11499. 11488. 0.00048
7 2.200 11115. 11359. 0.00053
8 2.400 10680. 11187. 0.00058
9 2.600 10198. 10976. 0.00062
10 2.800 9681. 10733. 0.00066
11 3.090 4387. 8899. 0.00068
12 3.200 2594. 7949. 0.00069
13 3.400 702. 6926. 0.00069
OLAR MASS MOMENT LB-IN-SECSQ	 0.05330
FIGHT	 LBS	 4.931
ROSS SECTION AREA / 2
	
SQ.IN	 1.302
ADIUS OF GYRATION	 Iw	 2.043
VERAGE TANGENTIAL STRESS PSI 	 10887.
IME (SEC) REQUIkED TO ACCELERATE WHEEL FkUM ZERO
PM TO	 18000. IS
	
8.39518	 / TORQUE (FT -LBS)
A-2
rn'i-86v
CL», uolLD rum^w
	
-'-- ^------
11 xiJ
poJF:CT 
"'^l`p,x-nmkxILo^^r
	 ^ uoTK p-^^-+/----
~PUT T'/ CALCUL,TlLp '.	
-
/'44L IPFFo /«p,	
-
--^---'--
lx«uo,
im* Lv«n7mc PSl 7^o,
T^. x«o}//\ T`/lCKu+SS uWlTY P[/lr qo " YHor(;S
~U. pxTIi) ,xwVLUS
nL',»-
Lt3/Col/` I^/l` psl
l l.O;u l.U90 0.3u9 o.}nn 30.V2 l.7o'` 1"160 o.3 h n,ino ]n,n
_3 1.400 0.369 P.200 30.04 }.^r./ o.phV 0,1+" n,3ro 3u,0
^ l"non n.l*: 0,369 ".j»o
.n
c.l^o 0.sou o.3cn TO.n
o
.li» o.3+v n,3on l0.n
o.7,o 0,5+ 0 n.lnn 30.09 ?"^'«' n,Zs^- 0.1^o n. 30.n
v
.7l r05" 0,30n 0,1c0 10,0
+1.r'
Ir^	 _
V-c
.	 '..'`^./
,r	 , °
	
n/.
-A-3
-	 -	 -	
A-4
>'
^^^;.^
	 „GSC	 ^^T	
-i,
S PC, TTiI.	 <^^.^	 1•i
	1IIIS
	 F GY i: TT IN
	
vF^;gf;!-	 Tn^•^^,'-I^,ITI ^,L	 CI„ I-^S_	 N^ t	 I ,;-,
L'I-_._(S_f^_)	 !?
	
F^I_ C
-
 
C'r Lf 	 ^T^	 ^;IFL
	
I'^I 	 7t-^i
	
Tf)	 ] ^'f^nl i .	 I S	 •/.;i71^+ /	 rl	 Ali	 (F	
-L''	 )	 --
.MT I-4850
CLB, BUILD MANSN
RCIJECT NAMF
—CAST —	 FVERSF HUH PROFIL
UN—QQZe CHARGF NHKLER-13.11b1`1_-----
N G T NEFR - THnPKILI)SFO+
	 , DATE 9 - 76 - 67
—PPUT TU CALCULN ION.
PEEL HAS	 CF N TRAL HHLF.
HFEL .SPFFH p 8800.
LAOF L(lA!)Ir,G pSI (:3H.
TA. RAf)IHS
	 THIf OS 7 I)hMITY P"ISSAN YHONGS
----	 -
PATIO f-lUAIL'JS_
11 );A-
II^ Ir, Lid/CUI	 J Iii:/Ir e PSI
1 1.00(1 1.240 HAM 0.300 30.0
2 1 . 32 p .369 0.300 301()
3_,-- _ 1._4 0 1_ __-- ' - 1 U fa	 ._. U_. 3 U
	 - - 0.300 30. 0
4 1.6i1f^ [	 ,26n 0.469 Q.300 30.0
5 1.Rn0 "]Hp 0.369 n,3))0 30.0
7.Orin n,IA- 0.369 n.3r)0 30.0
2.2no (4130 01369 n.3no 30.0
K 7,4no ( 050 0.369 n.3on 30,(?
9 2,hQr) - O.jon -- 0
,3` 9 0.300 30.010 2.71 O 0.750 0.369 0.300 50.11
AS
TA, C ) PF	 PH	 OFLTv
^. F xf>[:I-	 T
,Irpn-
P/b / pnG	 i i i-r,	 F
^LAUF v11).	 (1F
T:'IC I1)T1± KLAi)f t
I^ I	 .I
non
0,W:0 0,00(1
.
n.000 r>.
,r)ilfl
.r)OO U.
,h .000 0.
r ) ,Or,n r),r)r)n n,
0,000
O.O0n ),
MTI-4864
RUJECT NAM7CASL 6-1 REMRA HHK PLUM
NGWEER — TH H PKILKAN	 q - 26-61
IjTP I jT	 HR ( I ^, CALCI I L/\T I t)l^
TA T / 	 L I ML
s P 1 ^
I
1 9103. - -Q.UUQM
1 1573. 7,	 (i( ) . 0. 00 0)3 4
I.FHU Allu. U.00035
1	 FnO I r, () ,)	 . O.
	 7
6 1.000 7
0.000411
2 All. ....0.0094b
2.F,()() ') P, hi+ . (,) . ( ) () n4 6
1 u 7.710
 -7., 7 ^ 3 r11 I . 0. 00046 
A-6
14AP -A%Q, K QQ1 L471 l'---CL2L
F IGHT	 L I, S	 3.057
W AS S FC -r i f h , Ak f.	 y	 Sw I w	 O.Hbb
AQIUN Hk nY; ; Tjn,,'
	 Ii,,	 1. 71 1
V (- h A G F T k, r, I-N I I A L C( i>,
	 S	 N SI
P Q TH	 WPM. I%	 THRMUR (FT-L?V)
T!"00)
CL R , HUILO MV,,SFj
CI H. jyiANis i i t) X(j
POJECT	 r\ ' AN l F —c4SF ( 4^D-
1 10 - 00 1	 C F- pJC;E	 1)t,) ')
N GIWFFR—j[4 (';?K I Lf)SEry
H EEL HAS	 CFI\,TRAL HfILP.
FF- L SPFFO RP M 	 24000.
p	 I
T A. R41) I	 is rH I CKi ,, F- S S L)I-! ,!S I TY PH IS Yi iow(-,s
RAT 10
f,,F(;A-
Lb/CUI v IN/ 1;\ , PS I
0-0
- 1—b70-- 0.369 0.300 30.0
2 1. 000 40,-) 1 1 .369 n . 3no 3U.0 
I - 2 (10 11.300 30.0
4 1.4110 n . ?6n 0 . 3 C-) n 11
Q-. 2 1 n 0.3)()
H no 0.190 0.369
2 . P, C, Q, 11. 170 0.369 n . -I n o 3 0. 0
7.2O0 n . 1	 ,r) 3 6 q n . 1 1 3
9-- 2-4LIG-
--L)-3 —() ( . 3 qn 30.0
10 f, n n i.369 1	 A r,
n .
	 n
-3 0.0
I2 2.°75 () .3(),- ) 3 () . n
A-7
T/ ^;	 i ,: ,	 ^ , i- ') r I T
y T
T
q
4
A
7
L A 1)
r)
()0 n
n w)
r,	 o,)()
H.,
0 n
f) 0
0.000 0
().OnO ^1.	 V"j)
MTI-4851
A-8
PUJL-. C -1 !-i
UATE 9-25-67
T PUT CALC'jLATllwJ.- -
T A. f1 A 1) 11 JS 0 1 A L T A	 i,j I A L RAD IA L
s -1 B Ls-s STRESS G	 Li	 T H
PSI -sl I 1\1
I H00 0 1 7684. 0.00047
2- 2449- 1 4038.---Q-44Q4-4-
200 3511. 1 1937. 0 . 00 C, 4 3
4 1.Z (00 1 47 73. 14435, 0.00046
11 1.600 16177. 14984. 0.0005 4 
1.8(>r1 15610 .- -149-5-d . -- 2.00061
7 2.c,()0 14980. 14826. 0.00068
2-2(IL.- 14290 5-
9 ?.400 1(-)220. 15224. 0.00082
19 2.6U 132D 3 ^ -- L4-317. -0.0008-9
2. P O() 3684. 1106-. 0.00092
2 .975 1114. 9666. --0.9-0-0 9 2
f i t-4R DHSS P3W A FNT	 LH,-If l -SFCSO	 0.02530
T IG  	 L '( S	 3.146
e; )Ss SECTII I N ARFA / ?	 so. I N 	 0.989
ADIOS OF GYRATI(IN	 IN	 1.762
\ , FRfAGF TA N, Gllm- NTIAL S TRE SS 	 PSI	 14158.
jj l F _CS±Cd_PFQl tJIkEL) TO ACCELERATE WHEEL FRUM ZERO
P"-i TO	 24000. IS	 5.31311	 / TOk(JOF (FT-L8S)
MTI-4852
CLB, BUILD MANSN
CLR, MANSN LD XQ
RUJFCT NAME-CASE11, AS-UtS NUN U GRID
UN-9.9].. CHARGF NUMBER-R0615
NGINEER -THORKILDSFN	 , UATE 9-08-67
NPUT TO CALCULATION.
HEEL HAS	 CENTRAL HOLE.
HEEL SPEFO RPM 24000.
LADE LUAOING PSI 1070.
TA. RADIUS THICKNESS Ut:NSITY POISSON YOUNGS
Nil. RATIO MODULUS
MEGA-
IN IN LB/CUIN IN/IN PSI
1 1.000 1.550 0.369 0.300 30.0
2 1.050 1.500 0.369 0.300 30.0
3 1.150 1.390 0.369 0.300 30.0
4 1.300 1.213 0.369 0.300 30.0
5 1.450 1.060 0.369 0.300 30.0
1.500 1.000 0.369 0.300 30.0
1.513 0.400 0.369 0.300 30.0
1.600 0.220 0.369 0.300 30.0
9 1.700 0.190 0.369 0.300 30.0
10 1.800 0.163 0.369 0.300 30.0
11 1.900 0.140 0.369 0.300 30.0
12 2.000 0.120 0.369 0.300 30.0
13 2.100 0.250 0.369 0.300 30.0
14 2.200 0.250 0.369 0.300 30.0
15 2.300 0.250 0.369 0.300 30.0
TA. C	 ;FF
	 (IF nEt_Tc. - AUE BLADE NO.
	 OF
h	 r, rX T FH! .KNFSS WIDTH BLADES
jry /Tnt;^^^r, like-	 F IN IN
01.)00 0.000 0.
^.n c), ().`!oC 0.000 r).
^.0 0. 0.000 0.000 0.
0.000 0.000 0.
r, .0 1) U . U00 0.000 0.
0. U.UU(i 0.000 0.
7 ^' .O 0 . 0.000 0.000 0.
.0 U. U.U00 0.000 0.
n.0 U. 0.000 0.000 0.
r'. 0. 0.O(W 0.000 0.
0.006 0.000 0.
u.uoo o, non u.
A-9
XTI-4849
A-10
13	 0.0	 0.	 0.000
	
0.000	 U.
14	 ().0 	 0.	 0.000	 0.000	 0.
5	 0.0	 0.	 0.000
	
0.000
	 0.
ROJECT NAMF-CASE 5-1 AS-DES NON U GRID
IiN-001, CHARGE NUMBER-RO615
NGINFER-TFiORKILUSFN
	 , DATE 9-08-67
IITPUT FROM CALCULATION.
TA. RADIUS RADIAL TANGENTIAL RAUTAL
1\1 0. STRESS STRESS GRIIWTH
IN PSI PSI IN
1 1.000 0. 16386. 0.00054
2 1.050 466. 15527. 0.00053
3 1.150 1140. 14067. 0.00052
4 1.300 1681. 12334. 0.00051
5 1.450 1761. 10942. 0.00050
6 1.500 1723. 10534. 0.00050
7 1.513 4227. 11196. 0.00050
8 1.600 7034. 11616. 0.00050
9 1.700 7357. 11373. 0.00051
10 1.800 7671. 11187. 0.00053
1.900 7922. 11029. 0.00054
12 2.000 8135. 10897. 0.00056
13 2.100 3151. 9127. 0.00057
14 2.200 2139. 84-52-.-- 0.00057
15 2.300 1069. 7755. 0.00057
OLAR MASS MOMENT 1_b-IN-SECSW
	 -	
__0.01471
FIGHT	 LBS
	
2.569
ROSS SECTION AREA / 2
	 SW.IN	 0.808
AOIUS OF GYRATION
	 IN	 1.487
VERAGE TANGENTIAL STRESS PSI
	
12646.
IME (SEC) REQUIRED TO ACCELERATE WHEEL FROM ZERCT
PM TO
	 24000. IS
	 3.08933
	
/ TORQUE (FT-LBS)
HTI-4853
f
ROJFCT NA M F-CASF,.^^Y AS-UtS UNIF GRID
IIN -002, CHARGE IVUrRER-RI)615
NGINEER-TH(IRKILUSFN	 , UATL 9-08-67
nIPUT TO CALCULATIMI. •
HELL HAS	 CENTRAL
	 HALF.
HEEL SPEED k P M 24000.
LADE LOADING PSI 1070.
TA. RADIUS THICKNNFSS UtINSITY PIIISS(IIN Y(IUINGS
NO. KAT IU I'IUUULIIS
I'IEGA -
IN jNI L6 /CU IN I IN/ IIN PSI
1 1.000 1.55n 0.369 0.300 30.0
2 1.100 1.440 0.369 0.300 30.0
3 1.?00 1.330 0.369 0.300 30.0
4 1.300 1.2?0 0.369 0.300 30.0
5 1.400 1.110 0.369 0.300 30.0
6 1.500 1.000 0.369 0.300 30.0
7 1.600 0.220 0.369 0.300 30.0
1.700 0.190 0.369 0.300 30.0
1.Ann 0.1+3 0.369 0.300 30.0
10 1.900 0.140 0.369 0.300 30.0
11 ?.n00 0.120 0.369 0.300 30.0
12 2.100 0.250 U. 3b9 0.300 30.0
13 ?.700 0.250 0.369 0.300 30.0
14 2.300 0.250 0.369 n.30o 30.0
TA. CUFF	 (IF I)ELTn nLAUE BLADE N.U.
	 OF
n+ll. FXGAW T THICKNESS WIDTH BLADES
IIC,k I I -
I	 I IN, /1)FG OEG F 1 I IIv
1 0.0 u. 0.000 0.000 0.
2 0.0 0. 0.000 0.000 0.
3 0.() U. 0.000 0.000 0.
4 0.0 0. 0.000 0.000 U.
5 O.0 0. 0.000 0.1-100 0.
6 0.0 0. 0.000 0.000 n.
7 0.n 0. 0.000 0.000 0.
^ i n.(! u. 0.000 0.000 U.
9 ('.(-I 0. 0.000 0.000 0.
10 0.0 0. 0.000 0.000 0.
(	 . 0 U. 0.000 0.000 0.
0.0 0. 0.000 0.000 0.
1, 0.0 U. 0.000 0.000 0.I n.n (,. 0.000 0.000 u.
A-11
MTI-4863
A-12
RHJFCT NAIA F-CASE 15 -1 	 AS-DIES UNIF GRID
Un1-002, CHARGF NUS HER -kU61y
NGIivFER-THlikKILl)SFN	 , DATE
	
9-OH-o7
HTNUT FRfIM CALCOLATIUN.
TA. RAI)TI)S RADIAL TANGENTIAL RADIAL
N(1. STRESS STRESS GROWTH
I^ PSI PSI IN
1 1.000 0. 16554. 0.00055
2 1.100 860. 14906. 0.00053
3 1.200 1400. 13578. 0.00052
4 1.300 1702. 12470. 0.00051
5 1.400 1H15. 11516. 0.00051
6 1.500 1772. 10667. 0.00050
7 1.600 7020. 11667. 0.00050
8 1.700 7344. 11420. 0.00052
9 1.800 7659. 11229. 0.00053
10 i.900 7911. 11068. 0.00055
11 2.oOo 8126. 10933. 0.00056
12 7.100 3148. 9162. 0.00057
2.200 2.137. 8486. 0.00057
, y 2.300 1069. 7788. 0.00057
1 1 LAR MASS MOMENT LB-IN-SECSQ	 0.01526
FI(-- iT	 LBS	 2.658
ROSS SECTION ARFA / 2	 SQ.IN	 0.833
ANUS OF GYRATI(JN	 IN	 1.489
VERAGE TANGENTIAL STRESS PSI 	 12710.
IMF (SEC) REQUIRED TO ACCELERATE WHEEL FROM ZERO
PM TO
	
24000. IS
	
3.20602 / TORQUE (FT-LBS)
Kr 1-4865
CLB, BUILD MANSN
CLB, MANSN LD XQ
ROJECT NAME-CASE 5-1 NEW PROFILE A
UN-001 9
 CHARGE NUMBER-2 06 11615 01
NGINEER-THORKILDSEN	 ,	 DATE	 11-09-67
NPUT TO CALCULATION.
HEEL	 HAS	 CENTRAL
	 HOLE.
HEEL	 SPEED	 RPM	 24000.
LADE	 LOADING	 PSI	 1070.
TA.	 RADIUS	 THICKNESS	 DENSITY	 POISSON YOUNGS
NO.	 RATIO	 MODULUS
MEGA-
IN	 IN	 LB/CUIN	 IN/IN	 PSI
1	 1.000	 1.550	 0.369	 0.300	 30.0
2	 1.050	 1.500	 0.369	 0.300	 30.0
3	 1.150	 1.390	 0.369	 0.300	 30.0
4	 1.300	 1.213	 0.369	 0.300	 30.0
5	 1.450	 1.060	 0.369	 0.300	 30.0
6	 1.500	 11000	 0.369	 0.300	 30.0
7	 1.513	 0.550	 0.369	 0.300	 30.0
8	 1.600	 0.320	 0.369	 0.300	 30.0
9	 1.700	 0.220	 0.369	 0.300	 30.0
10	 1.800	 0.163
	
0.369	 0.300	 30.0
11	 1.900	 0.140	 0.369	 0.300	 30.0
12	 11.000	 0.120	 0.369	 0.300	 30.0
13	 2.100	 0.250	 0.369	 0.300	 30.0
14	 2.2.00	 0.250	 0.369	 0.300	 30.0
15	 2.300	 0.250	 0.369	 0.300	 30.0
TA.	 COE F 	OF	 DELTA	 BLADE	 BLADE	 NO.	 OF
NO.	 EXPAN	 T	 THICKNESS
	
WIDTH	 BLADES
tvi I C RO-
IN/IC I /DEG
	 DEC,	 F	 Ii%!	 IN
1	 0.0	 0.	 0.000	 0.000	 0.
2	 n.n	 0.	 0.000
	
0.000	 0.
3	 0.0	 0.	 00000	 0.000	 0.
4	 0.0	 0.000	 0.000	 0.
5	 0.0
	 0.	 0.000	 0.000
	
0.
6	 0.0	 0.	 0.000	 0.000	 0.
7	 0.0	 0.	 0.000	 00000	 0.
8	 0.0	 0.	 0.000	 0.000	 0.
9	 0.0	 0.	 0.000	 0.000	 0.
0	 0.0	 0.	 0.000	 0.000
	 0.
]1	 0.0	 0.	 0.000
	
0.000	 0.
l^	 010	 0	 0	 000	 0	 000	 0
A-13
1
• W, I-4854
0. 0.000 0.000
0. 0.000 0.000
0. 0.000 0.000
13	 0.0
0.0
15	 0.0
A-14
0.
0.
0.
ROJECT NAME-CASE 5-1 NEW PROFILE A
UN-001, CHARGE NUMBER-2 06 11615 01
NGINEER-THORKILDSEN	 DATE 11-09-67
UTPUT FROM CALCULATION.
TA. RADIUS RADIAL TANGENTIAL RADIAL
NO. STRESS STRESS GROWTH
IN PSI ? :I IN
1 1.000 0. 058'x. 0.00055
2 1.050 475. 1:717. 0.00054
3 1.150 1165. x.-+241. 0.00053
4 1.300 1728. 12494. 0.00051
5 1.450 1826. 11093. 0.00050
6 1.500 1795. 10683. 0.00050
7 1.513 3201. 11011. 0.00050
8 1.600 4952. 11030, 0.00050
9 1.700 6403. 11041. 0.00051
10 1.800 7688. 11125. 0.00052
11 1.900 7937. 10972. 0.00054
12 2.000 8150. 10844. 0.00055
13 2.100 3156. 9075. 0.00056
14 2.200 2141. 8403. 0.00056
15 2.300 1069. 7708. 0.00056
OLAR MASS MOMENT LB-IN-SECS4
	
0.01520
EIGHT	 L.BS
	
2.643
ROSS SECTION AREA / 2	 SO.IN	 0.821
ADIUS nF GYRATION	 IN	 1.490
VERAGE TANGENTIAL STRESS PSI
	
12703.
IME (SEC) REQUIRED TO ACCELERATE WHEEL FROM ZERO
PM TO
	 24000. IS
	
3.19227 / TORQUE (FT-LBS)
RTI-4855
CLB, BUILD MANSN
CLB, MANSN LD XQ
ROJECT NAME-CASE 5-1 NEW PROFI_LE B__
UN-001, CHARGE NUMBER- 2 06 11615 01
NGINEER-THORKILDSEN
	 , UATF 11-09-67
NPUT TO CALCULATION.
HEEL HAS CENTRAL HOLE.
HEEL SPEED	 RPM	 24000.
LADE LOADING	 PSI	 1070.
TA. RADIUS THICKNESS_ _DENSITY -.POISSON YOUNGS
NO. RATIO MODULUS
MEGA-
IN IN LB/CUIN IN/IN PSI
1 1.000 1.200 0.369 0.300 30.0
2 1.051) 1.150 0.369 0.300 30.0
3 1.150 1.050 0.369 0.300 30.0
4 1.300 0.880 0.359 0.300 30.0
5 1.450 0.775 0.?69 0.300 30.0
6 1.500 0.675 0.369 0.300 30.0
7 1.513 0.400 0.369 0.300 30.0
8 1.600 0.220 0.369 _0.300 30.0
9 1.700 0.190
_
0.369 0.300 30.0
10 1.800 0.163 0.369 0.300 30.0
11 1.900 0.140 0.369 0.300 30.0
12 2.000 0.120 0.369 0.300 30.0
13 2.100 0.250 0.369 0.300 30.0
14 2.200 0.250 0.369 0.300 30.0
15 2.300 0.250 0.369 0.300 30.0
TA. COEF	 OF DELTA BLADE BLADE NO.	 OF
NO. EXPAN T THICKNESS WIDTH BLADES
ti CRD-
IN/IN/DFG DEG	 F IN IN
1 n.0 0. 0.000 0.000 0.
2 0.0 0. 0.000 0.000 0.
3 0.0 0. 0.000 0.000 0.
4 0.0 0. 0.000 0.000 0.
5 0.0 0. 0.000 0.000 0.
6 0.0 0. 0.000 0.000 0.
7 n.0 0. 0.000 0.000 0.
8 0.0 0. 0.000 0.000 0.
9 0.0 0. 0.000 0.000 0.
10 0.0 0. 0.000 0.000 0.
11 o.G 0. 0.000 0.000 0.
12 0.0 0. 0.000 0.000 0.
A-15
MTI-486%
Malmo
13 010 0. 0.000 0.000 0.
14 0.0 0. 01000 0.000 0.
15 0.0 0. 0.000 0.000 0.
ROJECT NAME-CASE 5-1 NtW PROFILE B
UN-001, CHARGE NUMPER- 2 06 11615 01
NGINEER-THORKILDSEN	 , DATF 11-09-67
UTPUT FROM CALCULATION.
TA. RADIUS RADIAL TANGENTIAL RADIAL
NO. STRESS STRESS GROWTH
IN PSI PSI IN
1 1.000 0. 1_7_621_._ 0.00058_
2 1.050 527. 16706. 0.00057
3 1.150 11318. 15159. 0.00056
4 1.300 '?068. 13363. 0.00055
5 1.450 2251. 1_1_921. 0.000_54_
6 1.500 2451. 11567, 0000054
7 1.513 4078._ 11959. 0.00054
8 1.600 6834. 12298. 0.00054
9 1.700 7180. 11996. 0.00055
10 1.800 712. 11758. 0.00057
11 1.900 7778. 11555. _0.00058._
12 2.000 8004. 11384. 0.00059
13 7.100 3108. 9604.
14 2.200 2119. 8906. 0.00060
15 2.300 1069. 8190. 0.00060
OLAR MASS MOMENT L'4-L'4 - S	 .01269
EIGHT	 L_BS	 2.089
ROSS SECTION AREA / 2	 SQ.IN	 0.E42
ADIUS OF GYRATION	 IN	
_	
1.532
VERAGE TANGENTIAL STRESS PSI
	 13465.
IME (SEC) REQUIRED TO ACCELERATE WHEEL FROM ZERO
PM TO
	
24000. IS
	 2,66688-/ TORQUE (FT-LBS)
A-16
MI-4868
A-17
CLB, BUILD MANSN
	 __ ---- - ,
CLB, MANSN LD XQ
RI)JFCT NAMF-CASF 5-1 NEW PROFILE C
UN-001, CHARGF NUMBER- 2 06 11615 01
N'G IN, FFR-THORKILDSFN
	 , DATE 11-10-67
NIPI_)T TO CALCOLAT ION.
HEEL HAS	 CENTRAL
	 HOLE:
HEEL SPFFD RPM 24000.
LADE LOADING PSI 107n.
TA. RADIUS THICKNFSS DENSITY POISSON YDUNGS
NO. RATTO MODULUS
MEGA-
IN IN LB/COIN IN/IN PSI
1 1.000 1.900 0.369 0.300 30.0
2 1.050 1.850 0.369 0.300 30.0
3 1.150 1.740 0.369 0.300 30.0
4 1.300 1.563 0.369 0.300 30.0
5 1.450 1.410 0.369 0.300 30.0
6 1.500 1.350 0.369 0.300 30.0
7 1.513 0.400 0.369 01300 30.0
8 1.600 0.220 0.369 0.300 30.0
9 1.700 0.19n 0.369 0.300 30.0
10 1.800 0.163 0.369 0.300 30.0
11 1.900 0.140 0.369 0.300 30.0
12 2.noo 0.120 0.369 n.300 30.0
13 2.100 0.250 0.369 0.300 30.0
14 7.200 0.250 0.369 0.300 _30.0
15 2.300 0.250 0.369 0.300 30.0
TA. COEF	 nF DELTA BLADE BLADE NO.	 OF
nl n. FXPV' T THICKNESS WIDTH BLADES
MTCRn-
IN/TN/nF; DEG	 F INN IN
1 010 0, 0.000 0.000 0.
2 n.0 o. 0.1100 0.000 0.
3 r,,n o. 0.000 n.000 P.
4 n.n 0. 0.000 01000_ 0.
5 n.r n. o.00n n.000 0.
6 o.G 0. o.noo 0.000 0.
7 n.n 0. 0.000 n.no0 0.
8 0.0 0. 0.000 0.000 0.
0. 0.0 0. 01000 0.000 0.
10 n.0 0. 011100 00000 0.
11 0. 01000 01000 0.
12 0.0 0. 0.000 00000 0.
KI1-4873
rA-1813	 010	 0.	 01000
	
0.000	 n.
14	 010	 0.	 O.n00	 0.000	 0.
15	 010
	 0.	 01000
	
0.000	 0.
RnJFCT NANF-CASF 'i-1 NFW PRDFILF C
UN-001 9
 CPAPGF NUMBER- 2 U6 11615 O1
NGINFER-THOR ie lLnSEN	 ► DATE 11-10--67
UTPl1T FROM	 CALCHLATIi1N.
TA. PAnIUS RA))IAL TANGENTIAL RADIAL
N0. STRFSS STRESS GRf10H
IKI PSI PST IN
1 1.n00 0. 156?1. 0.00052
2 1.050 428. 14797. 0.00051
3 1.150 1027. 13388. 0.00050
4 1.300 1445. 11697. 0.00048
5 1..450 1400. 10315. 0.00047
6 1.51)0 1311. 9902. 0.00047
7 1.113 4320. 10721, 0.00047
8 1.600 7159, 111Q1. 0.00048
9 1.700 7468. 10985. 0.00049
'0 1.A00 7770. 10831. 0.00051
11 1.9')0 8011. 10701. 0.00052
12 ?.()CIO 82.18. 105Q3. 0.00054
13 2.100 3178. 8829. _0.00055
14 2.200 2152. 8169. 0.00055
15 2.300 1069. 7485. 0.00054
nLAR MASS MOMFNT LB-IN-SECSQ
	
0.01689
FIGHT	 LBS	 3.084
ROSS SECTION ARFA / 2
	
SQ.IN	 0.986
ADIUS OF GYRATION	 IN	 1.454
VERAGF TANGENTIAL STRESS PSI 	 12104.
IME (SEC) REQUIREn TO ACCELERATE- -i^I^IEEI. EROK ISR0
PM TO
	
24000, IS
	
3.54735	 / TORQUE (FT-LBS)
!iT1-4870
CLB, BUILD MANSN
CLB, MANSN LD XQ
ROJECT NAME-CASE 5-1 NEW.__PROFILf_
UN-001 1
 CHARGE NUMBER-2 06 11615 01
NGINEER-THORKILDSEN
	 U TF__1L-1Q_67
NPUT TO CALCULATION.
HEEL HAS CENTRAL HOLE.
HEEL SPEED	 RPM	 24000.___
LADE LOADING	 PSI	 1070,
TA. RADIUS THICKNESS DENSITY P_OISSON_YOUNGS
NO. RATIO MODULUS
- _
	 _ MEGA-
IN IN
_
NLB/CUI -IN/IN PSI
1 1.000 1.550 0.369 0.300 30.0
2 1.050 1.5'00 0.369 _0_.300 30.0
3 1.150 1.390 0.369 0.300 30.0
4 1.300 1.213 0.369 0.300 30.0
5 1.350 0.475 C.369 0.300 30.0
6 1.400 0.360 0.369 0.300 30.0
7 1.500 0.250 0.369 0.300 30.0
8 1.600 0.220 0._369___0_.3_00_ 30.0
9 1.700 0.190 0.369 0.300 30.0
10 1.800 0.163 0.369 0.300 30.0
11 1.900 0.140 0.369 0.300 30.0
12 2.000 0.120 0.369 0.300 30.0
13 2.100 0.250 0.369 0.300 30.0
14 2.200 0.250 0.369 01300 30.0
15 2.300 0.250 0.369 0.300 30.0
TA. COEF OF DELTA BLADE BLADE NO.	 OF
NO. EXPAN T THICKNESS WIDTH BLADES
MICRO-
IN/IN/DEG DEG F IN IN
1 0.0 0. 0.000 0.000 0.
2 0.0 0. o.Coo 0.000 0.
3 0.0 0. 0.000 0.000 0.
4 0.0 0. 0.000 0.000 0.
5 0.0 0. 0.000 0.000 0.
6 0.0 0. 0.000 0.000 0.
7 0.0 0. 0.000 0.000 0.
8 0.0 0. 0.000 0.000 0.
9 -.0 0. 0.000 0.000 0.
10 0.0 0. 0.000 0.000 0.
11 0.0 0. 0.000 0.000 0.
12 010 0. 0.000 0.000 0.
A-19
7
Yf7-4872
13 0.0 0. 0.00() 0.000 0.
14 0.0 0.
 U.00Q____ 0.000____Q^__
15 0.0 0. 0.000 0.000 0.
ROJECT NAME-CASE 5-1 NEW ?ROFILE D
UN-001 9
 CHARGE NUMBER-2 06 1.1615 01
NGINEER-THORKILOSEN
	 DATE 11-10-67
UTPUT FROM CALCULATION.
TA. RADIUS RADIAL_ TANGENTIAL
_
-RAD_IAL_
NO. STRESS STRESS GROWTH
IN PSI P_sj___
_,N_
1 1.000 0.
 _	 1585 7_._ 0 . 00052
2 1.050 440. 15022. 0.00052
3 1.150 1071, 0.00050
4 1.300 1556. 11907, 0.00049
5 1.350 3930. 12163.  0.00049_
6 1.400 5033. 12131. 0.00049
7 1.500 _6729. _12078. 0.00050
8 1.600 7000. 11735. 0.00051
9 1.700 7 32 6. 11482 9 0 .000 52 _
10 1.800 7643. 11286. 0.00053
11 1.900 7897. 11121. 0.00055
12 2.000 8112. 10982. 0.00056
13 2.100 ,___3144. 921 0 . 0.00057
14 2.200 2135. 8531. 0.00057
15 2.300
_.. 1069.-__ 7831. _4.00057
OLAR MASS MOMENT LB-IN-SECSQ
	 0.01225
EIGHTLBS	 2.104
ROSS SECTION AREA / 2
	 S_Q.IN	 0.667
ADIUS OF GYRATION_ _
	 IN	 1 ._499
VERAGE TANGENTIAL STRESS PSI
	 12744.
IME (SEC) REQUIRED TO ACCELERATE WHEEL FROM ZERO
PM TO	 24000. IS	 2.57297--/--TORQUE (FT-LBS)
A-20
KrI-4871
CLH, HUTLD MANSN
CLB, MAN I SN LD XQ
RL1.JFCT NAMF-CASE 5-1 NFW PRLIEILE E
IIN-001, CHARGE NUMBER- 2 Oo 11615 01
NGINFER- THL ) RKILI)SFN	 , DATE 11-17-67
NPUT TO CALCULATIHN.
HEEL HAS CFNTRAL	 HOLF.
HEEL SPFFO RPM 24000.
LADE LDAnIN. PSI 1070.
TA. RADIUS THICKNFSS Uti\'SITY PUISSUN YUUI\'GS
NO, RATIO MUOULUS
MEGA-
IN IN LB/CUIN IN/IN PSI
1 1.000 1.550 0.369 0.300 30.0
1.050 1.500 0.369 0.300 30.0
3 1.150 1.390 0.369 0.300 30.0
1.213 0.369 0.300 30.0
5 1.450 1.060 0.369 0.300 30.0
h 1.500 1.000 0.369 0.300 30.0
7 1.513 0.400 0.369 0.300 30.0
8 1.600 0.22() 0.369 0.300 30.0
9 1.700 0.190 0.36q 0.300 30.0
10 1.A00 0.163 0.369 0.300 30.0
11 1.900 0.140 0.369 0.300 30.0
12 2.000 0.120 0.369 0.300 30.0
13 7.100 0.250 0.369 0.300 30.0
14 2.200 0.250 C.3o9 0.300 30.0
TA. CUFF
	 ( I F nrLTA HLAUE !ALA )F NI).	 OF
Nn. EVpar\l T THICKrJFSS lv^INH BLAUFS
iCR(1-
IiCi/i^ & /DFf DEG F IN IN
1 0.0 U. 0.000 0.000 0.
o.non 0.000 P.
i n.n 0. 0.000 0.000 0.
4 0.0 tl. 0.000 0.000 0.
11.0 0. 0.000 0.000 0.
., o.n 0. O.Uon 0.000 0.
n.0 ,). 0.000 0.000 0.
ri ().0 O. 0.000 0.000 0.
n o n 0. 01000 01000 n.
( I .( 1 0. 0.UO0 0.000 0.
t	 I n.o 0. 0.000 0.000 0.
I,' n.0 0. 0.000 0.0on 0.
A-21
13 o.n 0.	 O.Ooo 01000	 0.
14 n.0 0.	 01000 00000
RUJ-CT NAMF-CASF 5-1 NFW PRUt- ILF E
IIN -001, CHARGF NUMRER- 2 0o 11615 O1
NGINIFFR-THnRKILI)SFN	 , DATE 11-17-67
UTPUT FRIIM CALCULATIIIN.
TA. RADIOS RADIAL TANGENTIAL RADIAL
N0. STRESS STRESS GRllt^,TH
IN PSI FSI IN
_1 1.000 0. 155h1. 0.00051
2 1.050 427. 1475y. 0.00051
3 1.150 1035. 1335?±. 0.00050
4 1.300 1491. 11685. 0.00048
5 1.450 14ah. ln328. 0.00047
6 1 . 1)00 1 431) . 9926 . 0.0001-7
7 1.513 3492. 1.045x. O.O()n47
8 1.600 5708. 10681. 0.00047
9 1.700 5k51. 10355. 0.00048
10 1.800 5948. 10063. 0.00049
11 1.900 5954. 97Hh. 0.00050
12 7.000 588,+. 9515. 0.00051
13 7.100 2081. 8071. 0.00052
14 2.200 IO69. 7395. 0.00051
nLAR MASS MtIMF nI T	 Lb- I1\t- SrCStJ	 0.01300
FIGHT	 LKS	 2.439
ROSS SEC1ION ARFA / 2
	 SI:t.I	 0.783
AOIUS OF GYRATIIIN	 I	 1.435
VFRAGF TANGENTIAL STRESS PSI
	
12039.
TAF (SEC) RFOUIRFD TO ACCtLtkATF WHEEL FR')rt ZERO
PM Til	 24n00. IS	 2.13009 / TUROOE (FT-LRS)
A-22
MT1-4857
APPENDIX B
ROTOR PROPERTIES USED IN CALCULATION OF CRITICAL SPEEDS AND
RESPONSE TO UNBALANCE, AND MODE SHAPE AT DESIGN SPEED FOR
MOST SEVERE CASE OF UNBALANCE
YOUNGS MOD. DENSITY
0.36000CE 08	 0.369000E 00
ROTOR DATA
STATION MASS,LBS (IP-IT) LENGTH STIFFN.DIA MASS CIA INNER	 DIA
1 0.0000E 00 0.0000E 00 0.7600E 00 0.2100E 01 0.2100E 01 0.125CE 01
2 0.6400E 00 0.0000E 00 0.1200E 01 0.2000E 01 0.2000E 01 0.1250E 01
3 0.0000E 00 0.0000E 00 0.8600E 00 0.2000E 01 0.2000E 01 0.1250E 01
4 0.7100E 00 0.0000E 00 0.2860E 01 0.2000E 01 0.2000E 01 0.1860E 01
5 0.6700E 00 O.0000E 00 0.4800E 00 0.2000E 01 0.2000E 01 0.1260E 01
6 O.0000E 00 0.0000E 00 0.2000E 00 0.5670E 01 0.5670E 01 0.1260E 01
7 0.0000E 00 0.0000E 00 0.1040E 01 0.2000E 01 0.2000E 01 0.1260E 01
8 0.4400E 00 0.0000E 00 0.2200E 00 0.6260E 01 0.6260E 01 0.12.60E 01
9 0.0000E 00 0.0000E 00 0.1040E Cl 0.2000E 01 0.2000E 01 0.1260E 01
10 0.2900E 00 0.0000E 00 0.3 ? OOE 00 0.6590E 01 0.6590E 01 0.1260E 01
it 0.0000E 00 0.0000E 00 0.4200E 00 0.2000E 01 0.2000E 01 0.1260E 01
12 0.0000E 00 0.0000E 00 0.2100E 01 0.2000E 01 0.2000E 01 0.0000E 00
13 0.0000E 00 0.0000E 00 0.1380E 01 0.2000E ul 0.2000E 01 0.0000E 00
14 0.0000E 00 0.0000E 00 0.5000E 00 0.1600E 01 0.4800E 01 0.0000E 00
15 0.6000E 00 0.0000E 00 0.2240E 01 0.1600E 01 0.2000E 01 0.0000E 00
16 0.1000E 01 0.0000E 00 0.2800E 00 0.1600E 01 0.2000E 01 0.1000E 01
17 0.0000E 00 0.0000E 00 0.8000E-01 0.6000E 01 0.6000E 01 0.1000E 01
18 0.3570E 00 0.0000E 00 0.2800E 00 0.6000E 01 0.6000E 01 0.5040E 01
19 0.3570E 00 0.0000E 00 0.8000E-01 0.6000E 01 0.6000E 01 0.1900E 01
20 O.0000E 00 0.0000E 00 0.3400E 00 0.2200E 01 0.2200E 01 0.1900E 01
21 0.0000E 00 0.0000E 00 0.0000E 00 0.0000E 00 0.0000E 00 0.0000E 00
RARING STATIONS
3	 13
.'E
KII-4842
B -2
CASE I - TI	 UNBALANCE IN PHASE
ROTOR SPEED= 0.180000E 05 RPM
STATION AMPLIT.,MILS PHASE
	 ANGLE	 I
1 0.305170E-02 0.926061E 02
2 0.299241E-02 0.864529E 02
- 3 0.2972.50E-02 0.764474E 02
4 0.301429E-02 0.694058E 02
5 0.299613E-02 0.582666E 02
6 0.289349E-02 0.592.833E 02
7 0.284798E-02 0.598157E 02
8 0.258362F-02 0.640502E 02
9 0.252330E-02 0.653180E 02	 =
10 0.223556E-02 0.736779E 02	 -
11 0.215300E-02 0.771640E 02
12 0.205639E-02 0.824070E 02
13 0.199557E-02 0.118945E 03
14 0.246851E-02 0.140128E 03
15 0.271916E-02 0.145779E 03
16 0.416126E-02 0.16142.5E 03
17 0.4361'+2E-02 0.162631E 03	 _-
18 0.441900E-02 0.162956E 03
19 0.462156E-02 0.164028E 03
20 0.467972E-02 0.164317E 03
21 0.492814E-02 0.165470E 03
FORCE TRANSMITTED TO FOUNDATION
STATION FORCE,LBS PHASE	 ANGLE
3 0.681872E	 00 0.136880E 02
13 0.473053E 00 0.565935E 02
DISSIP.ENERGY= 0.828844E-02
	
INPUT ENERGY= 0.828843E-02
Krl-4879
B-3
RD615-2 CASE 2TA-1 2 HRG 2S CS D.NCLAIIGHLIN
STATI(INS N.RRGS. UNB.STAT, N.000PL
	 PED.FLEX BkG.STF UNH.CAL	 INPUT
17	 2	 2	 0	 0	 2	 1	 0
YOUNGS MM,	 DFNSITY
0.22000OF 08 0.315000E 00
ROTOR	 DATA
STATION MASS,LBS (IP-IT) LFNGTH STIFFN.DIA m4SS	 PIA INNFR	 ILIA
1 0.1800E 00 o.0000E On 0.7000E 00 0.2200E 01 0.2200E Ul O.0000E 00
2 0.000OF 00 0.000OF 00 0.9500E 00 0.3000E 01 0.3000E Ul 0.1100E 01
3 0.3600E 00 0.0000E 00 0.9500E 00 0.3000E 01 0.3000E 01 0.2000E 01
4 o.nnonE 00 o.000OE on n.2500E 00 0.6930E O1 n.6930E 01 0.2000F 01
5 0.000OF 00 0.000JE 00 0.1180E 01 0.3000E 01 0.3000E nl 0.2nooF Oi
6 O.000OF 00 O.o000E 00 0.3000E 00 0.6410E 01 0.8410E 01 U.ZOOOF 01
7 O.000OF 00 0.0000E 00 0.4500E 00 0.3000E 01 0.3000E 01 0.2000E 01
8 0.000OF 00 0.0000E 00 0.130OF 01 0.3000E O1 n.3000E 01 0.2H60E 01
9 0.540OF 00 0.0000E 00 0.1100E 01 0.3000E of 0.3000E 01 0.2000E 01
10 0.000OF 00 0.0000E 00 0.1150E 01 0.3000E 01 0.3000E 01 0.2000E 01
11 0.000OF 00 0.0000E 00 0.6200E 00 0.3000E 01 0.3000E 01 o.nnnoF no
12 0.000OF 00 0.0000E 00 0.5000E 00 0.2000E 01 0.5600E 01 0.0000E 00
13 O.00nOF 00 O.0000E 00 0.2950E 01 0.3000E 01 0.3000E 01 0.O000E 00
14 0.0000E 00 0.0000E 00 0.9750E 01 0.7900E 01 0.9000E 01 O.000OF 00
15 O.O.000F 00 O.0000E 00 0.3430E 01 0.3000E 01 0.3000E 01 0.1000E 01
16 0.000OF 00 0.0000E 00 0.150OF 01 0.3000E 01 0.3000E 01 0.1000E 01
17 0.0000E 00 0.0000E 00 O.o000E 00 0.0000E 00 0.0000E 00 o.0000E no
R EARING STATIONS
10 16
HT 1-4858
CASE 2T-1 UNBALANCE OUT-OF-PHASE
ROTf1R	 SPFFn=	 0.180000[- 05	 kP'I
STATInN AIv, PLIT. 9 1,A ILS PHASI	 ANGLE
1 n.575962F-01 0. 4 79597E 02
2 n.525730F-01 0.489844E 02
3 0.457936F-01 0.50733 k F 02
4 0.39OR60E
-01 09530863F 02
5 0.373379E-01 0.53845OE 0?
6 0.292700E-01 0.585681E 02
7 0.272843F-01 0.60178?F 02
A 0.243742F-01 0.630424E 02
9 0.174472F-01 0.729749E 02
^- 10 0.131814F-01 O.H29F22E 02
11 0.97?949F-02 0.97935RE n2
1? 0.834620E-02 O.lOH477E 03
13 n.749?90F-0? 0.116413E 03
14 0.400?43F-O? 0.156293E 03
15 n.1101)35F-01 -0.780314F 0?
16 0.151578E-01 -0.680957E 02
17 0.169147E -01 -0.641968E 02
F(IRCE
	
TRAN I SMITT F U	 Tll	 FnUNOATInN
STAT ION FORC,F eLRS PHASF	 ANIGLF
10 0.8P4440E
	 01 0.195408F 02
16 n.101704F	 0? -0.131527E 03
nISSIP.FN, FRI,Y= 0.76081 1-F 00	 INPUT ENFRGY= 0.7 ,50821E 00
B-4
MT 1-4659
80615-2 CASF 3TA-2 2RRG CS D.MCLAUGHLIN
STATInNS N.RRGS. DNR.STAT. N.CDUPL PFD.FLEX NRG,STF W49 .CAL 	 INPUT
19	 2	 2	 0	 0	 2	 1	 0
B-5
YOUNGS MOO, OFNS 1 TY
O.22000OF	 OR	 0.315000E 00
ROTnR DATA
STATION MASS,LHS (II'-IT 1 LENGTH ST 1FFN.olf.
0.1ROOF 00 0.0000E 00 0.7000F 00 0.22001 01
2 n.0000F 00 O.00OOF 00 0.9500E 00 0.3000t 01
3 0.360OF 00 O.000UE 00 0.9500E 00 0.3000t 01
4 O.0000E 00 O.00OOF 00 0.18001 00 0.5270t nl
5 O.0000E 00 O.00OOF 00 0.1040E 01 0.1000F 01
6 O.00OOF 00 0.00001 00 0.22OOF 00 0.626OF 01
7 0.4600E 00 0.0000E 00 0.1040F 01 0.3000E 01
R 0.0000E 00 O.0000E 00 0.340OF 00 0.6590t 01
9 0.0000E 06 0.0000E 00 0.45001 00 0.30001 01
10 0.0000E 00 0.0000E 00 0.1+001 01 0.3000E t'1
11 0.540OF 00 0.0000E 00 0.1 1 00E 01 0.3000E 01
12 O.00OOF 00 0.0000E 00 0.1150E 01 0.300OF CI
13 O.00OOF 00 0.00001 00 0.62001 00 0.3000t 01
14 O.00OOF 00 0.0000E 00 0.500)E 00 0.2000E 01
15 O.00OOF 00 0.0000E 00 0.2950E O1 0.30001 O1
lh 0.0000F 00 n. ,)DOnF On 0 -475nF nl n_790OF 01
MASS O I A
n.12UOt 01
0.3000E Ul
0.30001 01
0.52701 Ol
n.3OOn1 01
0.6260t 01
0.3n00t 01
n.6590E Ol
0. 30001 ', I
n.300nt 01
n, 3000t 01
n.3000t O1
0.3000E 01
0.5800E O1
n.3000k ol.
0.9000t 01
INNv-H DIA
U.0000t 00
0.1100E nl
U.2u00r_ 0 
0.2nJnE c)1
0.70001 Ol
0.2000t Ol
O.?000E n1
U.2 n llO1 01
0.7000t %11
0.;P 0001- 01
U.2n00t 0i
.OnonE 00
0.n000t nn
0.0000E 00
u.000or 00
0.1000E '1
:).1()00t 01
U.Ot10 1.)E 00
xn-rut
	
i
B-6
r'
CASE 3TA-2	 UNBALANCE OUT-OF-P;IASE
.1 `	 1 0(!F 05	 KPI•I
..	 1 i.S PHASF AWGLF
r i 2) F--(,I 1 0.493994F 0?
., 0f71--01 C!.-)00809F 02
I 0.5?6941F 02
5 '41 ?' -t! 1 0.530?52E 02
- n.	 10r<c-01 0.553640E 02
n.t,	 l5O F -(( 1 !.559741 F 02
n.:	 .y ^I P
-U1 0.'_, 9634'iF 02
79F-nI 0.61?t- )5F 0?
1, C)ti6c--U1 0.637125F 02
11 78F-uI 0.728558E 02
-- 1? n.16ti19nr--01 0.8332?6F 0?
1 5 r),I I 
	
4ti(-F-01 P. 10072nF n3
14 0.953578F -02 0.114145F 03
15 (". R4 h " 19 f- -02 (),I24632F 03
16 0.508,7?4'--0? 0.1 154?i^F 03
17 0.147071F-01 -0.749?OAF 0?
J I>; ri.l i't?F 3F-01 -0.642456F 02
19 0.20),?8;iF-0 1 -0.60020nE 02
F)rtCF
	 TR.AMStjITFEI) TO F(,t1ivUATIf)F.I
STATII!k FFIL,f.F,LRS PHASE
	 ANGLE
12 0.114912E
	 0? 0.23h720F 07
18 0.1 3(`^,h9F	 02 -O. 1 2399 f F 03
I)ISS1?.F NII-R(;Y= 0.114478E 01
	 IrJPIJr EIUERGY= 0.118479E 01
MT 1-4883
B-7
R0615-2 CASF4T1, 4RRG 5S K U.MCLAIIGHLIN
STATIONS N.RRGS. ONR.STAT. N.CfIUPL
	
PED.FLFx HRG.STF	 wH.C.L
25	 2	 2	 0	 ?	 1	 U
YUIJNGS Milfi,	 OFNSITY
0.36000CF 08 0.369000E 00
RCITHR UATG
STATION MASS,LBS
1 0.0040E 00
2 0.640OF 00
3 0.0000E 00
4 0.710OF 00
5 n.41OOF 00
	
h
	
0.000OF 00
	
7
	
0.380OF 00
	
8
	
0.000OF 00
	
9
	
0.3600E 00
	
lO
	
O.00nOF OO
	
11
	
0.360OF 00
	
1?
	
O.000OF 00
	
13
	
0.390OF On
	
14
	
n.0000E 00
	15
	
0.35COE 00
	
16
	
0.000OF 00
	
17
	
O.0000E 00
	
18
	
O.000OF 00
	
19
	
0.6000E 00
	
20
	
0.1000E 01
	
21
	
0.000OF 00
	
22_	 0.3570E 00
	
2.3
	
0.357OF 00
	
24
	
0.0000E 00
	
25
	
O.0000E 00
REARING STATIJNS
	3	 17
(IP-IT) Lti^IGTH
O.0000E 00 0.7600E 00
0.0000E On 0.1200E 01
O.0000E 00 0.8600E 0O
0.0000F 00 0.2860E 01
0.000OF On 0.4800E 00
0.0000E OO O.?400F 00
0.000OF 00 0.1000E 01
0.0000E 00 0.2400E 00
O.000OF OO n.In00F Ol
0.0000E 00 0.?tOOE 00
O.0000E 00 0.1000E 01
n
.000OF Oo 0.3400E 00
n.0000E on 0.12ooE of
0.0000E 00 0.3600E 00
0.0000E 00 0.4200E 00
0.000Ot 00 n.2100E 01
0.0000E 00 0.1380E 01
0.0000E 00 0.5000E 00
O.000OF 00 0.2240E 01
O.00OOE 00 0.2800E 00
n.0000E 00 0.8000E-01
0.0000E 00 0.2800E 00
0.0000E 00 0.8000E-01
0.0000E 00 0.3400E 00
0.0000E 00 0.0000E 00
ST I FFn,. )IA
0.?1OOF X11
0.2000E n 1
0.?000F O1
0.2000E 01
0.3000E 01
o.5470F 01
r i
 .3000E 01
O.6?l0E 01
G.-AnOOF of
0.6620E 01
0.3000E 01
0.7100E 01
0.3000E 01
0.8130E O1
0.3000E 01
0.2000E 01
0.2000E 01
0.1600E 01
0.1600E O1
0.1600E 01
0.6000E 01
0.6000E G1
0.6000E 01
0.2200F 01
0.0000E 00
1 4SS IAL	 IoiNFR 014
0.2100E 01 0.1?50F 01
0.2000E 01 0.1?50E 01
0.2000E 01 0.1?50E nl
0.2000E 01 0.1860E 01
0.3000E G1 0.1860E 01
0.5470E O1 0.2.260E 01
0.3000E 01 0.2260E 01
0.6210E 01 0.2260E 01
0.3000E 01 0.??6 o E nl
0.6620E 01 0.22.60E 01
0.3000E 01 0.22-60E 01
0.7100E 01 0.2260E 01
0.3000E 01 0.2260E 01
0.8130E 01 0.2260E 01
0.30001 01 0.2?60E 01
0.2000E 01 0.0000E 00
0.20001 01 0.0000E 00
0.48OOE 01 u.0000E 00
0.20001 01 0.1000E 01
0.2000E 01 0.1000E 01
0.6000E 01 0.1000E 01
0.6000E 01 0.5040E 01
0.6000E 01 0.1900E 01
0.22001 01 0.19001 01
0.0000E UO 0.0000E 00
KrI-6162
B-8
CASE 4T -1
	
UNBALANCE IN-PHASE
ROTOR SPEED= 0.240000E 05 RPM
STATION AM P LIT.,MILS PHASE	 ANGLE
1 0.374686E-02 0.141007E 03
2 0.331409E-02 0.129370E 03
-	 3 0.300123E-02 0.105944E 03
4 0.311922E-02 0.884707E 02
5 0.379289E-02 0.632338E 02
6 0.368416E-02 0.636687E 02
7 0.362791E-02 0.639251E 02
8 0.337219E-02 0.654393E 02
9 0.330584E-02 0.659249E 02
10 0.300983E-02 0.685935E 02
11 0.292834E-02 0.694889E 02
12 0.260231E-02 0.739708E 02
13 0.248921E-02 0.759506E 02
14 0.209996E-02 0.856222E 02
15 0.199314E-02 0.895675E 02
16 0.188083E-02 0.948541E 02
-- 17 0.181752E-02 0.138808E 03
18 0.250695E-02 0.163202E 03
19 0.286446E-02 0.168894E 03
20 0.492643E-02 -0.177212E 03
21 0.521094E-02 -0.176263E 03
22 0.529257E-02 -0.176010E 03
23 0.557907E-02 -0.175185E 03
24 0.566113E-02 -0.174964E 03
25 0.601072E-02 -0.174095E 03
FORCE TRANSMITTED TO FOUNDATION
STATION FORCE,LBS PHASE ANGLE
3 0.135572E	 01 0.291251E 02
17 0.822704E	 00 0.624819E 02
DISSIP.ENERGY= 0.170103E-01 	 INPUT ENERGY= 0.170102E-01
KTI-4885
B-9
80615-2 CASE- 51-2, 4 RRG 8S K,O.MCLAlJGHLIN
STATIONS N.BRGS. (1NB.S T 4T. N.Cn()PL
	 PEI).FLFX RRG.STF UNR.CAL
	
INPUT
31	 2	 ?	 n	 0	 2	 1	 U
YOUNGS MOD.	 f)FNSI TY
0.36000OF 08 0.369000E 00
ROTOR DATA
STATION MASS,LBS (IP-IT) LENGTH STIFFN.OIA MASS OIA ?r!IEk	 .)IA
1 O.000OF 00 0.0000E 00 0.7600E 00 0.2100E 01 O.?1001 U1 0.1250t n1
2 0.640OF 00 0.0000E 00 0.1200E 01 0.?OOOE 01 0.?000E 01 0.1250E ('l
3 O.000OF 00 0.0000E 00 0.8600E 00 0.2000E 01 0.2000E 01 0.1750E 01
4 0.710OF 00 0.0000E 00 0.2860E O1 0.2000E 01 0.2000E 01 O.1.Hb0E 01
5 0.4100E 00 O.000OF 00 0.4800E 00 0.3000E 01 rl .3000E i)1 0.1PbOF 01
6 0.000OF 00 0.0000E 00 00 0.4P.40E 01 0.4P40E 01 0.2260E 01
7 0.3800F On O.000OF 00 0.10k;nE 01 0.3000E 01 0.300nt ()1 0.??60F nl
8 O.Cv00F 00 0.0000E 00 0.2400r_ 00 0.5280E 01 0.7?801 01 0. > 260t 01
9 0.360OF 00 0.0000E On 0.1000E 01 0.3000E 01 0.3000E 01 O.?260E 01
10 0.000OF 00 O.0000E 00 0.2400E 00 0.555GF 01 0.555OE 01 U.2?60E 01
11 0.3600E 00 O.000UE 00 0.1000E 01 0.3000c 01 0.309OL- 01 0.2260E 01
12 0.0000E 00 o.0000E On 0.2400E 00 0.5680E 01 0.^68(-E O1 0.2260E 01
13 0.360OF 00 0.0000E On 0.1000E 01 0.3000E 01 0.30000 01 0.2260E 01
14 0.0000E 00 0.0000E 00 0.3500E 00 0.5930E 01 0.5930t 01 0.2260E 01
15 0.390OF 00 0.0000E O0 0.1000E 01 0.3000E 01 0.3000t 01 0.2260E 01
16 O.000OF 00 0.0000E 00 0.3500E 00 0.6110E 01 0.6110E 01 0.2260E 01
17 0.3900E 00 0.0000E 00 0.1200E 01 0.3000F 01 0.3000E 01 0.2?60E 01
18 n.000OF on n.0000E 00 0.3500E OC 0.6710E 01 0.6710E 01 0.2260E 01
19 n.3900F 00 0.000OF 00 0.1200E 01 0.3000E 01 0.30001: 01 0.226OF nl
20 0.0000E 00 0.0000E 00 0.350OF 00 0.6550E 01 0.6550E 01 0.2260E 01
21 0.350OF 00 0.0000E 00 0.4200E 00 0.3000E 01 ;).3000E 01 0.?260E O1
22 0.0000E 00 0.0000E 00 0.2100E 01 0.2000E 01 0.2000t 01 0.0000E 00
23 n.0oo0F 00 0.0000E 00 0.1380E 01 0.2000E 01 0.20001 01 0.0000E 00
24 0.000OF 00 0.000OF 00 0.5000E 00 0.1600E 01 0.4800E 01 0.0000E 00
25 0.6000F 00 0.0000E 00 0.2240E 01 0.1600E 01 0.2000E 01 0.1000E 01
26 0.1000F 01 O.0000E 00 0.?- 800E 00 0.16001 01 0.20001: 01 0.1000E 01
27 0.0000F 00 0.0000E 00 0.8000E-01 0.60001 01 0.6000E 01 0.1000E 01
28 0.3570F 00 0.0000E 00 0.2800E 00 0.6000E 01 0.6000E 01 0.5040E 01
29 0.3570F 00 0.0000E 00 0.8000E-01 0.6000E 01 0.6000E 01 0.1900E 01
30 0.000OF 00 0.0000E 00 0.3400E 00 0.2200E 01 0.2200E 01 0.1900E 01
31 0.000nF 00 0.0000E on O.oOooE 00 0.0000E 00 o.0000E o0 O.Go00E 00
PFARING STATIONS
3	 ?3
MTI-4884
CASE 5T-2	 UNBALANCE IN-PHASE
ROTOR SPEED= 0.240000E 05 RPM
STATION	 A M PLIT.,MILS PHASE ANGLE
1 0.521910E-02 0.169564E 03
2 0.467591E-02 0.158020E 03
-	 3 0.431460E-02 0.135551E 03
4 0.449725E-02 0.119126E 03
5 0.566551E-02 0.933747E 02
6 0.562827E-02 0.929951E 02
7 0.560916E-02 0.928394E 02
8 0.549.71E-02 0.923568E 02
9 0.546020E-02 0.922954E 02
10 0.528340E-02 0.922768E 02
11 0.523280E-02 0.923318E 02
12 0.498603E-02 0.928354E 02
13 0.491813E-02 0.930283E 02
14 0.459897E-02 0.941872E 02
15 0.447489E-02 0.947401E 02
16 0.408762E-02 0.968574E 02
17 0.394160E-02 0.978282E 02
18 0.340865E-02 0.102450E 03
19 0.324688E-02 0.104294F 03
20 0.269829E-02 0.113180E 03
21 0.254794E-02 0.116765E 03
22 0.238117E-02 0.121773E 03
23 0.213980E-02 0.166362E 03
24 0.292249E-02 -0.166916E 03
25 0.334960E-02 -0.160675E 03
26 0.584766E-02 -0.145694E 03
27 0.619361E-02 -0.144689E 03
28 0.629293E-02 -0.144422E 03
29 0.664148E-02 -0.143550E 03
30 0.674133E-02 -0.143318E 03
31 0.716679E-02 -0.142403E 03
FORCE TRAKSMITTFD TO FOUNDATION
STATION	 FORCE,LBS PHASE ANGLE
3 0.155679E	 01 0.608168E 02
23 0.776160E 00 0.926947E 02
DISSIP.ENERGY= 0.253644E-01
	
INPUT ENERGY= 0.253644E-01
B-10
KrI-4882
B-11
R0615-2_ CASF	 6	 TA -2 2 BRG K 1).MCLAUGHLIN
SihTIIl ydS N.HRGS. W,1I;.STAT.	 iv.C(IUPL	 PFD.FLEX BRG.ST' UNP.CAL INPUT
24 2 2 0 0 2 1 0
YIIUNGS M00. DENSITY
0.22000OF 08	 0.315000E 00
ROTOR	 DATA
STATION NASS,LRS (IP-IT) LENGTH STIFFN.DIA MASS	 UTA INNER	 UTA
1 0.1800F 00 0.0000E 00 0.7000E 00 0.2200E 01 0.2200L- 01 0.0000E 00
2 0.0000E 00 0.0000E 00 0.9500E 00 0.3000E O1 0.3000E 01 0.110OF 01
3 0.3600F 00 O.OGOOE 00 0.9500E 00 0.3000E 01 0.3000E 01 0.2000E 01
4 0.000OF 00 0.0000E 00 0.2400E 00 0.612.0E 01 0.6120E 01 0.,000E 01
5 0.0000E 00 0.0000E 00 0.1000E 01 0.3000E 01 0.3000E O1 0.2000E 01
6 0.0000E 00 0.0000E 00 0.2500E 00 0.7000E 01 0.7000E 01 0.2000F 01	 _=
7 0.4600E 00 0.0000E 00 0.1000E 01 0.3000E 01 0.3000E 01 0.2000E 01
8 0.000OF 00 0.0000E 00 0.2600E 00 0.7300E 01 0.7300E 01 0.2000E 01
9 O.0000E 00 0.0000E 00 0.4500E 00 0.3000E 01 0.3000E 01 0.2000E 01
10 0.000OF 00 0.000OF 00 0.1300E 01 0.3000E O1 0.3000E 01 0.2860E 01
11 0.000OF 00 0.0000E 00 0.1100E 01 0.3000E 01 0.3000E 01 0.2000E 01
1? O.000OF 00 0.000OF 00 0.1150E 01 0.3000E 01 0.3000E 01 0.2000E 01
13 0.0000E 00 O.0000E 00 0.6200E 00 0.3000E O1 0.3000E 01 0.0000E 00
14 O.0000E 00 0.0000E 00 0.5000E 00 0.2000E 01 0.5800E 01 O.0000E 00
15 0.000OF 00 O.0000E 00 0.2950E 01 0.3000E 01 0.3000E 01 0.0000E 00
16 0 OOOOF 00 0.0000E 00 0.9750E 01 0.7900E 01 0.8020E 01 0.0000E 00
17 O.000OF 00 O.0000E 00 0.3450E 01 0.3000E 01 0.3000E 01 0.0000E 00
18 O.000OF 00 0.0000E 00 0.1500E 01 0.3000E 01 0.3000E 01 0.0000E 00
19 O.000OF 1 00 0.0000E 00 0.8200E 00 0.3000E 01 0.3000E 01 C.2000E 01
20 n.0000F 00 0.0000E 00 0.350OF 00 0.7 g 8OE 01 0.7980E 01 0.2000E 01
21 !).00nOE no 0.0000E 00 0.1250E 01 0.3000E 01 0.3000E 01 0.2000E 01
22 0.6500E 00 O.0000E 00 0.350OF 00 0.7460E 01 0.7460E 01 0.2.000E 01
23 n.0000F 00 O.000OF 00 0.2000E 01 0.3000E O1 0.3000E 01 0.2000E 01
24 0.1800E On rl .0000E 00 0.0000E 00 0.0000E 00 0.0000E 00 0.0000E 00
1)	 Ip
MfI-4860
CASE 6TA-2	 UNBALANCE IN-PHASE
ROTOR SPEED= 0.24003OE 05 RPM
STATION AMPLIT.,MILS PHASE	 ANGLE
1 0.449183E 00 0.653863E 02
2 0.404776E 00 0.658809E 02
3 0.344626E 00 0.667558E 02
4 0.284789E 00 0.679987E 02
5 0.269748E 00 0.683994E 02
6 0.207698E 00 0.706746E 02
7 0.192388E 00 0.714645E 02
8 0.132545E 00 0.763385E 02
9 0.117489E	 00 0.783730E 02
10 0.921810E-01 0.833857E 02
11 0.407539E-01 0.119565E 03
-12 0.385358E-01 0.178701E 03
13 0.619057E-01 -0.151498E 03
14 0.751598E-01 -0.144737E 03
15 0.824395E-01 -0.141692E 03
16 0.823456E-01 -0.134788E 03
17 0.227646E-01 -0.410387E O1
-18 0.748716E-01 0.265659E 02
19 0.108178E	 00 0.298084E 02
20 0.127943E 00 0.307862E 02
21 0.136570E 00 0.311079E 02
22 0.167925E 00 0.319634E 02
23 0.176808E 00 0.321436E 02
24 0.227750E 00 0.329065E 02
FORCE TRANSMITTED TO FOUNDATION
STATION FORCE,LBS PHASE ANGLE
12 0.223698E 02 0.115863E 03
18 0.434626E 02 -0.362721E 02
DISSIP.ENERGY= 0.115052E 02 	 INPUT ENERGY = 0.115046E 02
B-12
f
MI -4861
EKE-
B-13
RD615-2 CASE 44-1,54-1 4 HRG. K D.MCLAUGHLIN
STATIONS N.HRGS, ONH.SfA'i.	 N.C l IUPL	 PED.FLEX RRG.STF UNH.CAL INPUT
12 2 2 0 0 2 1 0
YOUNGS Mno. DFNSITY
0.22000OF 08	 0. 1 15000F 00 =
ROTOR	 DATA _=
STATIGN MASS ,I-HS (IP-I T1 LENGTH STIFFN.DIA MASS	 DIA Iivi,iFR	 DIA
1 0.120OF 00 0.000OF 00 0.8000F-01 0.6000E 01 0.6000E 01 0.1900E 01
2 0.357OF 00 0.0000E 00 0.2800E 00 0.6000E 01 0.6000E 01 0.5040E 01
3 0.3570F 00 0.000OF 00 0.8000E-01 0.6000E 01 0.6000E 01 0.1000t 01
4 0.0000E 00 0.0000E On 0.3000E 00 0.1600E 01 0.1600t 01 0.1000E 01
5 0.1000E 01 0.0000E Or) 0.2220E O1 0.1600E 01 0.2000E 01 0.1000E 01
6 0.6000c 00 0.000OF 00 0.5000E 00 0.1600E 01 0.4800E 01 0.0000E 00
7 0.000OF 00 0.0000E 00 0.1400E 01 0.2000E 01 0.2000E 01 O.0000E 00
8 0.000OF 00 0.0000E 00 0.2300E Ol 0.2000E 01 0.2-OOOE 01 0.0000E 00
9 0.0000E 00 0.0000E 00 0.9750E 01 0.7900E O1 0.8020E 01 0.0000E 00
10 0.0000E 00 0.0000E 00 0.2740E O1 0.2000E 01 0.2000t 01 0.1000E 01
11 O.0000E 00 O.00OOE 00 0.1200E 01 0.2000E 01 0.2000E 01 0.1000E 01
12 0.000OF 00 O.0000E 00 0.000OF 00 0.0000E 00 0.0000E 00 0.0000E 00
REARING STATIONS
8	 11
MTI-4887	 w
B-14
CASE 4A, 5A	 UNBALANCE OUT-OF-PHASE
ROTOR SPEED= 0.240000E 05 RPM
STATION	 AMPLIT.,MILS PHASE ANGLE
1 0.871578E-01 0.852334E 02
2 0.858851E-01 0.859106E 02
3 0.815318E-01 0.884451E 02
4 0.803193E-01 0.892191E 02
5 0.759210E-01 0.923061E 02
6 0.530912E-01 0.120687E 03
7 0.500451E-01 0.126585E 03
-- 8 0.432497E-01 0.141046E 03
9 0.312943E-01 0.154254E 03
10 0.386151E-01 -0.365254E 02
- 11 0.554340E-01 -0.295834E 02
12 0.624972E-01 -0.266551E 02
FORCE TRANSMITTED TO FOUNDATION
STATION FORCE,LBS
	
PHASE ANGLE_	
-
	8	 0.120298E 02 0.,836813E 02
	
11	 0.144471E 02 -0.883852E02.
DISSIP.ENERGY= 0.352861E 01 	 INPU".- ENERGY= 0.352860E01
KTI-4886
JNR.CAL
MASS D
0.6000E
0.6000E
0.6000E
0.1600E
0.2000E
0.4800E
0.2000E
0.2000E
0.9000E
0.2000E
0.2000E
O.000"lE
UT
INNER DIA
0.1900E 01
0.5040E 01
0.1000E 01
0. 1000E 01
0. 1000E 01
0.0000E 00
0.0000E 00
0.0000E 00
0.0000E 00
0.1000E 01
0.1000E 01
0.000	 00
IN P
1
IA
01
01
01
01
01
OF
01
01
01
01
01
0'0
IA-15
RD615-2 CASE IA-1 4 BRG 3S CS. D. MCLAUGHLIN
STATIONS N.BRGS. UNB.STAT, N.000PL PEU.FLEX BRG.STF
12	 2	 2	 0	 0	 2
YOUNGS MOD,	 DENSITY
0.220000E 08 0.315000E 00
ROTOR DATA
STATION	 MASS,LBS	 (IP-IT)	 LENGTH	 STIFFN.DIA
	
1	 0.1200E 00 0.0000E 00 0.8000E-01 0.6000E 01
	
2	 0.3570E 00 0.0000E 00 0.2800E 00 0.6000E 01
	
3	 0.3570E 00 O.0000E 00 0.8000E-01 0.6000E 01
	
4	 0.0000E 00 0.0000E 00 0.3000E 00 0.1600E 01
	
5	 0.1000E 010.0000E 00 0.2220E 01 0.1600E 01
	
6	 0.6000E 00
..
 0.0000E 00 '' 0.5000E 00 0.1600E61
	
7	 0.0000E 00 0.0000E 00 0.1400E 01 0.2000E 01
	
8	 0.0000E 00 0.0000E 00 0.2300E 01 0.2000E 01
	
9	 0.0000E 00 0.0000E 00 0.9750E 01 0.7900E 01
	
10	 0.0000E 00 0.0000E 00 0.2740E 01 0.2000E 01
	
11	 0.0000E 00 O.0000E 00 0.1200E 01 _0.2000E 01
	
2	 0.0000E 00 0.0000E 00 0.0000E 00 O.0000E OO
BEARING STATIONS
	
8	 11
Krl-4840
B-16
t4
	
CASE	 LA-1	 UNBALANCE OUT-OF-PHASE
ROTOR SPEED= 0.180000E 05 RPM
STATION AMPLIT.,MILS PHASE ANGLE
_	 1	 0.661385E-01 0.627825E 02
0.651638E-01 0.632347E 02
	
3	 0.617864E -01 0.649290E 02
-`	 40.608321E-01 0.654475E 02
	
5 	 0.573144E-01 0.675225E 02
	
6	 0.364905E-01 0.880954E 02
	
7	 0.333164E-01 0.929506E 02
	
8	 0.262722E-01 0.106170E 03
	
9	 0.172858E-01 0.119934E 03
	
10	 0.227843E-01 -0.686673E 02
	
11	 0.321180E-01 -0.613802E 02
	
12	 0.359871E-01 -0.581423E 02
FORCE TRANSMITTED TO FOUNDATION
STATION	 FORCE,LBS	 PHASE ANGLE
	
8	 0.856119E 01 0.459818E 02
	
11	 0.940266E 01 -0.122811E 03
DISSIP.ENFRGY= 0.144633E 01
	
INPUT ENERGY= 0.144633E 01
// * ENDJOB
i=
i=
i
i-
Kr 1-6541
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Fig. 1	 Summary of Tangential Stresses for Cases 2, 3, 4, and 5.
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Fig. 24 CASE 4 TURBINE - Dynamic Orbit in Bearings with
Unbalance in Two Planes
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